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Abstract
In this thesis, the author proposed and developed nanostructured materials
based Surface Acoustic Wave (SAW) and conductometric transducers for gas
sensing applications. The device fabrication, nanostructured materials synthesis
and characterization, as well as their gas sensing performance have been under-
taken. The investigated structures are based on two structures: lithium niobate
(LiNbO3) and lithium tantalate (LiTaO3). These two substrates were chosen for
their high electromechanical coupling coe¢ cient. The conductometric structure
is based on langasite (LGS) substrate. LGS was selected because it does not ex-
hibit any phase transition up to its melting point (1470 C). Four types of nanos-
tructured materials were investigated as gas sensing layers, they are: polyaniline,
polyvinylpyrrolidone (PVP), graphene and antimony oxide (Sb2O3). The devel-
oped nanostructured materials based sensors have high surface to volume ratio,
resulting in high sensitivity towards di¤erent gas species.
Several synthesis methods were conducted to deposit nanostructured mate-
rials on the whole area of SAW based and conductometric transducers. Elec-
tropolymerization method was used to synthesize and deposit polyaniline nano-
bers on 36  YX LiTaO3 and 64  YX LiNbO3 SAW substrates. By varying
several parameters during electropolymerization, the e¤ect on gas sensing prop-
erties were investigated. The author also extended her research to successfully
develop polyaniline/inorganic nanocomposites based SAW structures for room
temperature gas sensing applications. Via electrospinning method, PVP bres
and its composites were successfully deposited on 36  YX LiTaO3 SAW trans-
ducers. Again in this method, the author varied several parameters of electro-
spinning such as distance and concentration, and investigated the e¤ect on gas
sensing performance. Graphene-like nano-sheets were synthesized on 36  YX
LiTaO3 SAW devices. This material was synthesized by spin-coating graphite
oxide (GO) on the substrate and then exposing the GO to hydrazine to reduce it
to graphene. X-ray photoelectron spectroscopy (XPS) and Raman characteriza-
tions showed that the reduced GO was not an ideal graphene. This information
was required to understand the properties of the deposited graphene and link
its properties to the gas sensing properties. Thermal evaporation method was
used to grow Sb2O3 nanostructures on LGS conductometric transducers. Us-
ing this method, di¤erent nanoscale structures such as nanorods and lobe-like
xiii
0. Abstract xiv
shapes were found on the gold interdigitated transducers (IDTs) and LGS sub-
strate. The gas sensing performance of the deposited nanostructured Sb2O3
based LGS conductometric sensors was investigated at elevated temperatures.
The gas sensing performance of the investigated nanostructured materials/SAW
and conductometric structures provide a way for further investigation to future
commerciallization of these types of sensors.
Chapter 1
Introduction
The purposes of this chapter is to provide a general overview and introduction
for the research presented in this PhD thesis. This chapter addresses the research
motivations, objectives, the authors achievements and thesis organisation.
1.1 Motivation
A sensor can be dened as a device that provides a "usable output in response
to a specic measurand" [1]. The basic structure of a gas sensor is shown in Fig.
1.1.
Figure 1.1: Schematic diagram of a basic gas sensor.
1
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A gas sensor is a device incorporating a gas sensitive element (i.e: thin lm)
either intimately connected to or integrated within a transducer. The usual aim
is to produce an electronic output signal which is proportional to the gas concen-
tration. In recent years, the development of gas sensors has become increasingly
important. Sensors are used in applications ranging from medical diagnostic
and health care, defense and security, automotive and industrial manufacturing
as well as environmental monitoring. Regardless of the associated applications,
all sensors have the same objective which are to provide stable and accurate
monitoring of the target gas.
The aim of this PhD project is to develop novel, highly sensitive gas sen-
sors. Generally, sensors have to be exposed directly to the environment for the
interaction with a target gas. This means that the sensor can also be exposed
to corrosive or contamination species, which can deteroriate and interfere with
the performance of the sensors. Great e¤orts have been made to investigate the
important aspects of sensors; sensitivity, selectivity, stability and reproducibil-
ity [2]. To meet these demands, many research programs into new sensors have
been conducted based on various principles and materials. It includes the e¤orts
to enhance the performance of traditional devices using nanotechnology. Re-
cent advances in nanotechnology has provided the opportunity to obtain more
e¢ cient performance from gas sensors compared to polycrystalline based gas
sensors. Nanostructured materials o¤er more surface to volume ratio to interact
with gas species. Because of the size e¤ects, nanostructured materials often ex-
hibit superior physical properties and are of great interest for sensor applications
[3]. In addition, electrical, mechanical, optical, and magnetic properties of the
nanostructured materials have been observed to change and can be tuned much
more in comparison to the bulk form of the same material.
Recent development in the designing and sythesizing nanostructured ma-
terials have attracted much attention as these nanoscale materials hold great
promise for development novel gas sensors. This includes metal oxide nanostruc-
tures [4-6], conducting and non-conducting polymer nanostructures [7-9], and
carbon nanotubes [10-11]. It has been established that the sensitivity of metal
oxide and conducting polymers based gas sensors depends on the grain size [12-
13]. Both reports show that the entire thickness of the sensitive layer can be
a¤ected by the reactions with the gas analyte. The porosity of nanostructures
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also facilitates rapid di¤usion of gases in and out of these micro- or nanoporosi-
ties materials, hence increase the reaction rate resulting in faster sensor response
and recovery. Besides, nanostructures increase the e¤ective number of sites avail-
able for reactions with target molecules as most of the atoms are surface or near
surface atoms.
The authors focus in this PhD research is to develop highly sensitive nanos-
tructured material based surface acoustic wave (SAW) and conductometric gas
sensors. Based on the critical literature review, which will be presented in chap-
ter 2, the author made an informed desicion to develop novel electropolymerized
dedoped polyaniline nanobers, polyaniline/diamond and polyaniline/MWNTs
nanocomposite, electrospun PVP bers, graphene nano-sheets, and Sb2O3 nanos-
tructures based SAW and conductometric sensors. The developed sensors were
tested by exposure to hydrogen (H2), nitrogen dioxide (NO2) and carbon monox-
ide (CO). Based on the obtained sensing performances, the gas sensing mecha-
nisms were discussed. This PhD research has led to many novel outcomes and
contributions to the body of knowledge in the eld of nanostructured materials
based gas sensors. The outcomes and author achievements are listed in section
1.3 of this chapter.
1.1.1 Gas Sensors Applications
Gas sensors are increasingly needed for various activities and applications in
environmental monitoring, process control as well as domestic and industrial
health and safety. These applications require precise real time measurements for
controlling and monitoring to increase productivity, keep environmental pollu-
tion within limits as well as maintain health and safety. The absence of sensors
for the aforemention purposes can greatly hinder evaluation of the e¤ectiveness
of environmental policies and also can cause di¢ culty in improving industrial
processes. For example, the haze episodes in Southeast Asia in 1983, 1984, 1991,
1994 and 1997 that imposed threats to the environmental management [14]. The
awareness to prevent this environmental threat to re-occur and to ensure that
pollution is not beyond the safety limits shows the importance of gas sensors.
Furthermore, the use of ammable gas species such as CH4, LPG and H2 in
domestic houses, the toxic or bad-smelling gases such as H2S and NH3 used in
industrial processes [15] and the need for sensing volatile gases in food industries
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reveal that gas sensors are vitally important in everyday life.
The needs for gas sensors are enormous. In recent years, the interest has
grown from awareness in climate change and global warming to the chemical
warfare threat. The use of chemical weapons against civilians during war is an
absolute real threat. The Halabja poison gas attack occurred in 1988 during the
Iran-Iraq war has conrmed this horrible reality [16]. Thousands of people died
during the attack. The consequences of the attack continues in the years after
the attacks due to the horric complications, deseases and birth defects. The
attack involved multiple chemical agents that are highly dangerous because of
its colourless, odourless and toxicity. Therefore, the fast and accurate sensing of
these gases are essential to protect human beings and animals.
Gas sensors are also important for controlling industrial health and safety,
domestic and environmental monitoring as well as vehicle emissions. The use of
H2 as synthetic fuel for transportation industry, NH3 in industrial refrigeration
applications, the emission of CO from the burning of wood or charcoal at home
and other applications have grown the demand in gas sensing. Each application
places various requirements on the sensor and sensing sytems. However, the aims
remain the same; to achieve accurate and stable monitoring of the analyte in the
range of parts per millions (ppm) to parts per billion (ppb) concentrations [17].
During the research, the author investigates three di¤erent gases: H2, NO2
and CO. These gases are known to be able to a¤ect the environment and human
health if over exposure occur. By employing the nanostructured materials on
the proposed SAW and conductometric devices, the author investigated the gas
sensing performance for di¤erent gas concentrations.
In each specic applications, stringent requirements are demanded from the
sensing system, especially for the sensor itself. The objective is to achieve ac-
curate and stable monitoring of the analyte under consideration. The human
physiological and environmental e¤ects as well as the sensing applications of the
abovemention gases are highlighted in the following subsections.
Hydrogen (H2)
Hydrogen, which is a colourless and odourless gas is one of the most important
reducing gases. This gas has attracted public attention as a clean fuel energy
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resources after world facing oil crisis in 1973 [18]. Since then, interest in H2
gas sensing has enjoyed a skyrocketing popularity, as hydrogen has been touted
as a panacea for clean energy production. It is highly ammable and explodes
in air at concentrations as low as 4% [19]. Furthermore, H2 has a low ignition
energy, posing a signicant risk of deagration. H2 sensing also nds important
applications in aerospace, chemical rening and biomedical systems [20-21].
Nitrogen Dioxide (NO2)
Nitrogen dioxide (NO2) is well known for its role in acid rain generation, as the
primary cause of photochemical smog, as a respiratory irritant and concerningly
as an olfactory paralysis agent [22-24]. Typically NO2 is generated during the
combustion cycle of internal combustion engines. However other sources of NO2
include manufacturing industries, food processing, electricity generation from
coal-red power stations, petrol, and metal rening. Concentration of NO2 as
low as 4ppm is known to paralyse the olfactory system preventing the conscious
detection of increasing NO2 levels. As such, the detection of NO2 at low con-
centration is of vital importance to minimize exposure in conned spaces and
industrial environments [14,22-24].
Carbon Monoxide (CO)
Carbon monoxide is colourless, tasteless, odourless, and highly toxic gas. It is a
product of the incomplete combustion of carbon-containing compound, notably
in internal combustion engine [25]. Production of CO from automobile and
industrial emission may contribute to the greenhouse e¤ect and global warming.
From the public health perspective, exposure towards CO is the most common
type of fatal poisoning in many countries [26-27]. Exposed to CO as low as
667ppm can cause bodys haemoglobin ine¤ective in delivering oxygen, resulting
some body parts do not receive oxygen [28]. Besides, exposure to this gas also
can cause severe e¤ects on fetus of a pregnant woman. Hence, it is important to
control the emission of CO with stringent legal limits and also develop procedures
for continously monitoring this gas in ambient and industrial atmosphere.
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1.1.2 Transducers
The information about gas concentration is converted into a form of energy which
can be measured using a transducer. Choosing the right transducing platform
is highly important in obtaining the desired sensing performance. Integrating
transducers with nanomaterials for sensing applications can enhance their per-
formance. This subsequently leads to increase sensitivity towards gas species.
In this research, the author used two type of transduction platforms; conduc-
tometric and SAW based. Conductometric transducers are the most common
type of platforms. It involves a cheap and convenient process of fabrication. This
device can measure changes occured by the analyte gas by generating changes
in resistance.
In SAW transducers, metal thin lm interdigitated transducers (IDTs) are
fabricated on a piezoelectric substrate which act as electrical input and output
ports. They are widely used as resonators, delay lines and electronic lters.
Similar to conductometric transducers, SAW transducers can respond to the
conductivity change when the whole area of the device are coated with sensing
layer. In addition to that, a SAW sensor can also respond to mass changes and
viscoelastic e¤ects. All these interactions contribute to the change in propagation
of surface waves, thereby producing a shift in the resonant frequency of the SAW
sensor.
1.1.3 Nanotechnology Enabled Gas Sensors
Nanotechnology is the term used for covering the design, fabrication and utiliza-
tion of functional structures with at least one characteristic dimension ranging
in nanometers. In this range, the physical, chemical and biological properties
are unique and can be signicantly altered. The object may display their own
unique properties when characteristic structural features are intermediate in be-
tween isolated atoms and bulk microscopic materials. These properties usually
di¤er from those displayed by either atomic scale or bulk materials [29]. It is also
demonstrated that the nanostructured materials possess enhanced performance
properties compared to bulk materials when they are used in similar applications
[30]. Ultimately this can lead to new technological opportunities as well as new
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challenges such as to explore nanodevice concepts and improve techniques for
the investigation of nanostructures.
Nanotechnology has a great impact in sensor technology. It o¤ers unique ad-
vantages to the sensor design by manipulating/incorporating/fabricating/arra-
nging materials at the molecular level, where sensing events occur [31]. There-
fore, the technology is enabling the development of small, low cost and highly
e¢ cient sensors, with broad applications.
Improvement in sensitivity is the major attraction for developing nanotech-
nology enabled gas sensors. Nanostructured materials have a higher surface to
volume ratio in comparison with polycrystalline material based thin lm devices.
This surface enable the detection of molecular event more e¤ectively, thus max-
imising the sensor output signal [32]. By tuning the morphological and structural
properties of nanomaterials, better sensitivity and selectivity can be obtained.
In addition, nanostructures minimize the time taken for a measurand to di¤use
into and out of the volume [33]. This denitely improves the time taken for a
sensor to raise an alarm therefore preventing a potential disaster.
Attaining the benets from nanotechnology to augment sensor performances
are challenging. Sensor manufacturers encounter di¢ culties in synthesizing nanos-
tructures, reading and understanding reliable responses as well as controlling
nanostructures behaviour from nano to macro scales. Although numerous nanos-
tructured materials have already been reported in literature to be used as sensing
layers, there still more new materials and properties that can be discovered in
order to ll in the gap of nanotechnology.
For this research, the author investigated the gas sensing applications of
four di¤erent materials, which are conducting and non-conducting polymers,
graphene and metal oxide. By employing nanostructured sensing layers, various
aspects in gas sensing performance such as the devices sensitivity, repeatability,
operational temperature and the sensing mechanism are explored.
Polyaniline Based Gas Sensors
Conducting polymers have received increasing interest since they were found
in 1970s [34]. The active research on conducting polymers has led to wide ap-
plications such as in sensors [35], power sources, rechargeable batteries [36] and
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electrochromic devices [37]. Among the family of conducting polymers, polyani-
line is one of the most widely studied materials for gas sensing applications.
This is due to its low fabrication cost, room temperature operation, facile syn-
thesis and rich chemistry for structural modication [38-39]. Most reports indi-
cate that polyaniline nanostructures outperform conventional polyaniline for gas
sensing applications [40]. Nanostructured polyaniline, with a diameter of less
than 100nm possess porous structures when deposited as thin lms and there-
fore provide much larger surface to volume ratio [41]. In contrast, agglomeration
usually occurs in traditional polyaniline. As a result, nanostructured polyaniline
allows easy di¤usion of gas molecules into and out of the lm and lead to a rapid
di¤usion of the molecules into the material. All the abovemention advantages
of polyaniline has motivated the author to integrate this material with SAW
transducers. Consequently the author investigated the gas sensing performance
of polyaniline as well as it composites.
Polyvinylpyrrolidone (PVP) Based Gas Sensors
Generally, non-conducting polymers are dened as the polymers with high
resistivity [42]. The production of such polymeric materials has grown rapidly
in the past 50 years [43]. The versatility of this type of materials has developed
lots of interests in polymer research and development. Although non-conducting
polymers are also useful for a variety of chemical sensor types, the use of PVP as
a sensing layer has been rarely reported. Usually, the non-conducting polymer
PVP acts as an essential auxiliary, but not as an active material itself. The ability
of thin lm PVP based QCM sensors [44] and PVP/ZnO composite based sensor
[45] to sense gas molecules have attracted the author of this thesis to explore the
potential of nanoscale structure of PVP as gas sensing layers compared to the
conventional PVP thin lm.
Graphene Based Gas Sensors
Carbon is an interesting element due to its capability to form variety of
allotropes which are 3D diamond and graphite, 1D carbon nanotubes and 0D
fullerenes [46]. All of the carbon allotropes have been actively investigated and
have shown remarkable behaviour in sensing applications [47-49].
Graphene has been the most theoretically studied allotrope of carbon for
more than 60 years [46] after the rst free-standing form of graphene is obtained
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[50]. Its unusual properties such as ballistic electronic transport at room tem-
perature and metal-like properties have caught the attention of many researchers
to study this material. Additionally, this monoatomically thick material o¤ers
large surface area making it well-suited for gas sensing application. These there-
fore attracted the author to exploit graphene as a sensing layer for SAW based
sensors. The employed graphene/SAW sensor provided better understanding in
the graphene sensing mechanism towards H2, NO2 and CO gases.
Antimony Oxide Based Gas Sensors
Among all the materials, metal oxides are the most widely applied mate-
rials for gas sensing applications. Nanostructured metal oxides in the form of
nanoparticles, nanorods, nanowires and nanobelts provide great opportunity to
enhance the response of sensors. This is due to the fact that a sensor performance
is directly related to the porosity, granularity, and ratio of surface to volume of
the sensing materials. Investigation in synthesizing nanostructured Sb2O3 are
also established, however, lack of literature are found in applying the nanos-
tructured Sb2O3 thin lms as sensing layer for gas sensing applications. The
nanostructured Sb2O3 forms a porous structure when deposited as thin lms.
Their nanoscale dimensions and large surface to volume ratio allows quick di¤u-
sion of gases in and out of the structure. This results in higher sensitivity and
faster sensors response and recovery compared to the polycrystalline thin lm
Sb2O3. Besides, the large interaction zone results in large modulation of electri-
cal properties upon exposure to gas analytes [51]. This therefore has attracted
the author to study the sensing performance of Sb2O3 based sensors.
1.2 Objectives
The aim of this research program is to develop SAW and conductometric gas
sensors with various nanostructured sensing materials. It is understood that
nanostructured materials have high surface to volume ratio, which is a funda-
mental aspect for gas sensing. Di¤erent methods were employed to develop the
sensors. Nanostructured material based sensors have a potential to improve sen-
sitivity compared to the polycrystalline gas sensors. To investigate the feasibility
of the proposed sensors, this research had the following objectives:
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 To synthesize polyaniline nanobers via electropolymerization technique
and develop novel dedoped polyaniline nanobers based SAW gas sensors.
Detailed investigation of the developed sensorsperformance based on dop-
ing, dedoping, variation of thickness of polyaniline nanobers thin lms,
variation of acids concentrations and variation of doping acids were per-
formed.
 To synthesize PVP nanobers via electrospinning method and develop
novel SAW sensors based on this material. The developed sensor perfor-
mances were investigated and compared for di¤erent PVP concentrations.
 To develop novel graphene nano-sheets based SAWgas sensors to detect H2,
NO2 and CO gases. The sensors performances (frequency shift, stability
and repeatability) were investigated at di¤erent operating temperatures.
 To synthesize Sb2O3 via thermal evaporation method, and develop Sb2O3
nanorods based langasite (LGS) conductometric transducers. Sensitivity
of the developed sensors were investigated as a function of their operating
temperature.
 To synthesize novel nanocomposites of polyaniline/MWNTs and polyani-
line/diamond. The developed sensors performance were investigated and
compared for room temperature operation.
 Characterization of these novel nanostructured materials were conducted
to nd out morphologies, dimensions, and compositions of the materials.
 To explain the gas sensing mechanisms of all the above-mentioned novel
devices.
The author chose 36  YX LiTaO3 and 64  YX LiNbO3 substrates as a base
for the developed novel nanostructured materials/SAW sensors as these piezo-
electric materials have high electromechanical coupling co-e¢ cient. To develop
nanomaterial based conductometric sensors, the author used LGS substrate with
titanium/nickel/gold metallization IDTs. The LGS was chosen because this sub-
strate does not exhibit any phase transition up to its melting point (1470 C).
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The thin lm of nanostructured materials were characterized using techniques
such as scanning electron microscopy (SEM), atomic force microscopy (AFM), X-
Ray di¤raction microscopy (XRD) etc. The material characterizations combined
with the gas sensing experimental results assisted the fundamental understanding
of the sensing mechanisms.
1.3 Outcomes and Authors Achievements
This thesis describes the work undertaken by the author during her PhD pro-
gram. The major outcomes of this research program can be summarized below:
1. Polyaniline Based SAW and Conductometric Gas Sensors
 Novel dedoped polyaniline nanobers based LiTaO3 SAW sensors were suc-
cessfully fabricated via electropolymerization method. To the best of au-
thors knowledge, this was the rst investigation on the e¤ect of di¤erent
electropolymerized polyaniline nanober thin lm thicknesses for gas sens-
ing. The diameter of the electropolymerized polyaniline nanobers were
observed in the range of 40 50nm. The author found that the polyaniline
nanobers/SAW sensors with the thin lm thickness of 3.5m exhibited
the highest frequency shift upon exposure towards 1% H2 concentration.
 To the best of authors knowledge, the author was the rst who investigated
the e¤ect of di¤erent acid concentrations in electrolyte on the doping and
depositing of polyaniline for gas sensing applications. Five di¤erent acid
concentrations were prepared for depositing polyaniline nanobers on SAW
devices and exposed to di¤erent H2 concentrations. Electropolymerized
(1.0M HCl) polyaniline nanobers based SAW sensor showed the largest
frequency shift towards 1% H2.
 The author electropolymerized polyaniline nanobers using two di¤erent
acid dopants in electrolyte. The comparison of morphology and the gas
sensing performance for both doped polyaniline were conducted. Both HCl
doped and HNO3 doped polyaniline showed almost similar average thick-
ness of nanobers. However, nanobers for HCl doped polyaniline were in
better order than that of HNO3 doped polyaniline, which contribute to the
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high frequency shift and baseline stability of the gas sensing performance
towards di¤erent concentrations of H2 gas. This study provides valuable
information for other researchers to investigate the gas sensing performance
of polyaniline polymerized in di¤erent type of acids.
 Novel dedoped polyaniline nanobers/MWNTs nanocomposite/LiTaO3
SAW sensors were fabricated using electropolymerization method. It was
observed that the polyaniline/MWNTs had more compact bres structure
than the polyaniline itself, which could be the result of the small frequency
shift of 4.3 kHz towards 1% H2.
 Novel polyaniline nanobers and diamond nanocomposite were chemically
synthesized and dropcasted on SAW transducers. The developed sensors
were exposed to di¤erent concentrations of H2 gas. To the authors best
knowledge, the developed nanocomposite/SAW devices were investigated
for gas sensing applications for the rst time and are presented in this
thesis.
2. PVP Based SAW Gas Gensors
 Novel electrospun PVP bers based LiTaO3 SAW sensors were successfully
fabricated and exposed to di¤erent concentrations of H2 gas. To the au-
thors best knowledge, the PVP/SAW gas sensing results were investigated
and are presented for the rst time in this thesis.
 To the best of authors knowledge, no reports were found on the investiga-
tions the link of PVP morphology with the gas sensing performance. The
author presented the e¤ect of PVP concentrations on morphology with gas
sensing performance in this thesis.
3. Graphene Based SAW Gas Sensors
 Graphene layers were synthesized via chemically reduced graphite oxide
methods. The synthesized graphene layers were spin-coated on SAW trans-
ducers. The novel graphene nano-sheets based SAW sensors were success-
fully fabricated and tested towards H2, NO2 and CO gases. To the authors
best knowledge, the developed sensors were investigated for gas sensing ap-
plications for the rst time in this research.
1. Introduction 13
4. Sb2O3 Based Conductometric Gas Sensors
 Novel Sb2O3 nanorods and other non-uniform nanostructures were syn-
thesized via thermal evaporation method. The author investigated the
optimization of the operational temperature and substrate to obtain the
Sb2O3 nanostructures. The investigation of the synthesized nanostructure
is presented in this thesis.
 The nanostructured Sb2O3 were deposited on LGS conductometric trans-
ducer. The novel Sb2O3 nanorods/LGS conductometric sensors were ex-
posed to di¤erent H2 gas concentrations and investigated at di¤erent op-
erating temperatures.
The following papers have been published in refereed journals as well as inter-
national conference proceedings by the author based on the work undertaken in
this study. Most of the material presented in these papers has been incorporated
into this thesis.
 R. Arsat, J. Tan, W. Wlodarski and K. Kalantar-zadeh, " Hydrogen gas
sensor based on SbxOy nanostructures with a langasite substrate," Sensor
Letters, vol. 4, pp. 419-425, 2006.
 R. Arsat, J. Tan, A. Z. Sadek, K. Shin, D. S. Ahn, C. S. Yoon, K.
Kalantar-zadeh and W. Wlodarski, "Camphor sulfonic acid doped polyani-
line/diamond nanobers based ZnO/64  YX LiNbO3 surface acoustic wave
H2 gas sensor," Sensor Letters, vol. 6, pp. 947-950, 2008.
 R. Arsat, M. Breedon, M. Shaei, P. G Spizziri, K. Kalantar-zadeh, S.
Gilje, R. B. Kaner and W. Wlodarski, "Graphene-like nano-sheets for sur-
face acoustic wave gas sensor applications," Chemical Physics Letter, 467,
pp. 344-347, 2009.
 R. Arsat, X. F. Yu, Y. X. Li, W. Wlodarski and K. Kalantar-zadeh,
"Hydrogen gas sensor based on highly ordered polyaniline nanobers,"
Sensors and Actuators B: Chemical, 2009, 137, pp. 529-532, 2009
 H. Qasim, A. Z. Sadek, R. Arsat, W. Wlodarski, I. Belski, R. B. Kaner
and K. Kalantar-zadeh, "Optical and conductivity dependence on doping
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concentrations of polyaniline nano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Technologies for Microelectronics, MEMS, Photonics, and Nanotechnology,
SPIE, Canberra, Australia, 6800, pp. 680012, 2007
 R. Arsat, X. F Yu, Y. X. Li, K. Kalantar-zadeh and W. Wlodarski,
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2008.
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The authors work has been presented both personally and on her behalf
at several international conferences, with the author being fortunate enough to
attend the following:
 7th East Asian Conference on Chemical Sensors, Singapore, December 3-5,
2007.
 2008 International Conference on Nanoscience and Nanotechnology, Mel-
bourne, Victoria, Australia, February 25-29, 2008.
1.4 Thesis Organisation
The objective of this thesis is to investigate the nanostructured materials in the
form of thin lms for gas sensing applications. The thesis is primarily devoted
to this topic, and is divided as follow;
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 Chapter 2 presents the critical literature review on nanostructured polyani-
line and its composites, PVP, graphene, and Sb2O3 for gas sensing applica-
tions. The gas sensing mechanisms of the aforementioned nanostructured
materials are also presented in this chapter.
 Chapter 3 discusses in details the SAW transducers and theory behind this
device response.
 Chapter 4 outlines the fabrication methods employed to develop transduc-
ers used in this research. The author also presents the SAW and conduc-
tometric transducers design parameters in this chapter.
 Chapter 5 describes nanostructured material synthesis with particular em-
phasis on electropolymerization, electrospinning, spin-coating and thermal
evaporating deposition techniques.
 Chapter 6 presents the instruments (SEM, XRD, AFM etc) used for the
characterization of the nanostructured materials that have been synthe-
sized via methods described in previous chapter. The results obtained
from the characterization of nanostructured polyaniline, PVP, graphene,
and Sb2O3 thin lms are presented in this chapter.
 Chapter 7 focuses on the gas sensing performance of the developed nanos-
tructured material based sensors. The four channels computer control gas
calibration system that was used for testing the sensors is also described
here.
 Chapter 8 concludes the thesis, and suggests the possible future works.
Chapter 2
Research Rationale
2.1 Introduction
Chapter 1 outlined the motivation, objectives and outcomes of this research, as
well as some fundamental aspects of nanotechnology, nanostructured materials,
and nanotechnology enabled gas sensors. The author also presented the overall
organisation of this thesis.
As it is mention previously, the author has investigated the gas sensing per-
formance of four di¤erent materials: polyaniline (with and without inorganic
nanoparticles), PVP, graphene, and Sb2O3. Each of these materials show di¤er-
ent properties. Therefore di¤erent gas sensing performance are obtained.
Apart from the introduction, this chapter is divided into three main sections.
In section 2.2, the author presents the literature review of all four nanostruc-
tured materials. Section 2.3 presents their gas sensing performance. Section 2.4
provides the summary of this chapter.
2.2 Review on Nanostructured Materials Used
in This Project
In recent years, the blooming development of nanotechnology has attracted many
researchers to investigate nanostructured materials for their outstanding proper-
ties. An ability to control and tailor nanostructures make it possible to exploit
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new physical and chemical properties. Nanostructured materials can be classied
into di¤erent categories depending on the number of dimensions that are nano-
sized such as zero dimensional (quantum dots), one-dimensional (nanobers,
nanorods) and two-dimensional (nano-lms). Some of the reasons why these
nanoscale structures become very interesting for gas sensing applications are as
follow [52-53];
1. They have very large surface to volume ratio, which makes them ideal for
use in reacting systems.
2. It is possible for nanoscale design of materials to vary their bulk properties.
3. Nanomaterials can be made functionalized to act as biosensors for DNA or
proteins.
4. In nanometre scales, most of the atoms are surface or near surface atoms.
This signicantly increasing the e¤ective number of sites available for re-
actions with target molecules.
5. Depletion layer depth or Debye length becomes one of the predominant
factor at small grain sizes. It is a measure of eld penetration in to the bulk.
For most nanostructures the value is comparable to their diameter or width.
Under such conditions, the surface chemical processes strongly inuence
their electronic, electrochemical and electromechanical properties.
In the following section, detail reviews of nanostructured materials that have
been used for gas sensing applications throughout this research will be given.
2.2.1 Polyaniline Nanostructures Based Gas Sensors
Polyaniline has received increasing interest since its electric conductivity was
found by McDiarmid et al. [54]. Besides, it is also due to its room temperature
operation, low fabrication cost, facile synthesis and rich chemistry for structural
modication [38-39]. Polyaniline is a unique conjugated polymer and its con-
ductivity can be tailored to a specic application through an acid-base doping
process. Studies have shown that polyaniline has three main oxidation states,
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which can be seen by noting the color changes ranging from transparent leu-
coemeraldine, and yellow/green emeraldine to blue/black pernigraniline [37,55].
Emeraldine salt is the most conducting form of polyaniline [56]. When the poly-
mer is doped with acid, an electrically conductive polyaniline is formed which
is known as emeraldine salt. At this state, the imine nitrogen is protonated on
the polymer backbone and the charge carriers are induced. It appears in green
colour and has a characteristic absorbance at around 430 and 800nm [57]. When
the emeraldine salt is treated with a base (eg: NaOH), the colour changes from
green to blue with characteristic absorbance peaks centered at 300 and 600nm.
This dedoped form of polyaniline which is known as emeraldine base, has a lower
electrical conductivity compared to the emeraldine salt. This emeraldine base
can be converted back to salt form upon treatment with acid (eg: HCl) [56].
Conductivity of polyaniline depends on its ability to transport charge carriers
along the polymer backbone and for the carriers to hop between the polymer
chains. This principle enables polyaniline to be used as a sensitive layer for gas
sensing applications.
Conventionally, polyaniline sensing layer is made of compact thin lms. Poly-
aniline gas sensors based on the resistance changes in thin lm structures have
been studied by a number of researchers [35,58-60]. Agbor et al. [35] have
deposited polyaniline thin lm using several di¤erent methods which are spin-
coating, evaporation and Langmuir-Blodgett (LB) techniques. They observed
that both spin-coated and LB polyaniline thin lms appeared blue on glass sub-
strates, indicating that emeraldine base are formed. For evaporation polyaniline
thin lm, the colour only changes from colourless to blue after prolonged ex-
posure to air/moisture. The polyaniline thin lm/chemiresistors were tested
towards NOx, H2S, SO2, CO and CH4. However, these three types of chemiresis-
tors do not show any response towards CO and CH4. Via self-assembly method,
Li et al. [58] fabricated polyaniline ultrathin lms based on doping-induced de-
position e¤ect of emeraldine base. The lms were deposited onto silicon, quartz
and alumina substrates with printed silver electrodes and exposed to NO2 and
NH3. NO2 caused an increase in the conductivity of the polyaniline thin lm
which is contradictory to the results obtained by Agbor et al. [35]. This may
be caused by the di¤erent protonation states of the used polyaniline. The NH3-
sensing mechanism is based on the dedoping of polyaniline by basic NH3, since
the conductivity is strongly dependent on the doping level. Xie et al. [59] have
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investigated the sensing performance of ultra-thin lm polyaniline based conduc-
tometric sensors towards NO2. They prepared various numbers of layers of pure
polyaniline lm, as well as composite of polyaniline and polystyrene-sulfonic acid
(PSSA) via LB and self-assembly (SA) methods. From the gas sensing results,
polyaniline prepared by LB technique exhibits good sensitivity, whereas the one
prepared via SA method shows faster recovery. Recently, Shrivas et al. [60] have
exposed spin-coated polyaniline thin lm/electro-chemical sensors towards NH3
gas. They found that the resistance of the lm decreases with the increase in
concentration of NH3 at known volume. The adsorption of NH3 a¤ects the swell
and uniformity of the lms which can be controlled by the molecular volume of
the vapour.
Nanostructured polyaniline possess large surface area per unit mass. These
nano-scale structures permit easier addition of surface functionality and inter-
action compared to traditional polyaniline which is highly agglomerated. When
deposited as a thin lm, polyaniline nanostructures form porous structure, hence
have higher surface to volume ratio [41] and larger penetration depth [61] than
the traditional thin lm polyaniline. There have been several reports on improv-
ing polyaniline based sensors sensitivity by depositing polyaniline nanostructured
form as a sensing layer [12]. As a result, most literature reports on polyaniline
nanostructures indicate that nanostructured outperforms conventional polyani-
line for sensing applications [13,40,62]. Compared to the conventional polyani-
line, the porous structure of polyaniline nanobers lm allows gas molecules
di¤used easily into and out of the lm, therefore lead to rapid di¤usion of gas
molecules.
This research concentrates on the synthesis of nanostructured polyaniline on
SAW transducers. To date, several methods have been employed for the synthesis
of polyaniline nanostructures. Most popular polyaniline synthesis technique is
via chemical polymerization, where an oxidant is required to be added to an
acid aqueous mixture of aniline monomer to initiate the polymerization [63-
66]. The synthesized polyaniline is then spin-coated [65] or drop-casted [67-
69] onto respective transducers to be used as sensors. The latter is the most
used method for depositing polyaniline on SAW transducers [67-71] followed by
airbrush method [72].
Via the abovementioned method, polyaniline nanobers in bulk quantity are
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successfully polymerized [73]. By drop-casting polyaniline nanobers onto the
conductometric transducers, Huang et al. [12] formed polyaniline nanostruc-
tures sensing lms and investigated its sensitivity towards HCl vapour. Unlike
the conventional polyaniline thin lm gas sensors which their sensitivity depends
on the lm thickness [59], the performance towards HCl vapour is found unaf-
fected by the thin lm thickness of drop-casted polyaniline. They also showed
that dedoped polyaniline nanobers based conductometric sensors are much less
responsive than their doped counterparts [12]. However, Sadek et al. [67] work
on dedoped polyaniline based gas sensors recently has proven that previous state-
ment is not completely right for many gas targets. Dynamic responses of the
tested sensors revealed that dedoped polyaniline based sensors have faster re-
sponse towards H2 gas and good repeatability compared to doped polyaniline
based sensors.
In review presented in Table 2.1, most researchers employed drop-casting
method for polyaniline deposition on SAW devices. Except for electropolymer-
ization method, others required separate polymerization (chemical polymeriza-
tion) before being deposited onto the SAW transducers. In this research, the
electropolymerization technique is the authors interest in deposition of polyani-
line nanobers onto SAW transducers. Besides its ability to polymerize and
deposit the polyaniline at the same time, this technique provides better con-
trol of lm thickness and morphology. Furthermore, this method produces more
homogeneity distributed polymer when compared to chemical polymerization
[74]. The details of the electropolymerization method will be given in chap-
ter 5. Kalantar-zadeh et al. [75] have pioneered the deposition of polyaniline
nanobers on SAW device via this technique. They electropolymerized contin-
uous lms even in between electrodes and obtained a 6.2 kHz frequency shift
when a polyaniline nanobers based 64  YX LiNbO3 SAW sensor was exposed
to 0.125% H2 gas. They observed that non-agglomerated, continuous and ho-
mogenous lms could be obtained when the gaps on the working electrodes were
smaller than several tens of microns.
For the electropolymerized polyaniline, the author deposited polyaniline nano-
bers thin lms with di¤erent thicknesses onto SAW sensors. Besides, the author
also varied the acid concentration of the electrolytes to investigate the e¤ect on
gas sensing performance. In addition, the author replaced HCl acid with HNO3
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Table 2.1: SAW based sensor device comparison.
Sensitive Layer Deposition Method Analyte Gas Freq. shift Ref.
PANI drop-cast H2 3 kHz [68]
PANI** airbrush NH3 4  (phase sh ift) [72]
PANI drop-cast NH4OH 20 kHz [70]
PANI** airbrush NH3 0.03 (sensitiv ity) [76]
PANI electropolymerization H2 6.2 kHz [75]
PANI/In2O3 drop-cast H2, NO2, CO 11, 2, 2.5 kHz [77]
PANI drop-cast H2 3.04 kHz [68]
PANI# drop-cast H2 28 kHz [66]
PANI* drop-cast H2 79 kHz [71]
PANI/WO3 drop-cast H2 7 kHz [78]
PANI/SnO2 drop-cast H2 7 kHz [61]
**PANI disso lved in NMP,
#
PSSA dop ed PANI, *CSA dop ed PANI
acid to obtain di¤erent morphology of polyaniline. The gas sensing performance
of all the developed sensors will be presented in chapter 7.
2.2.2 Polyaniline/Inorganic Materials Nanocomposite Ba-
sed Gas Sensors
There has been tremendous e¤ort for enhancing polyaniline performance by com-
bining it with inorganic materials to form composites. The composite may be
tuned to alter the physical and chemical properties of polyaniline, thus may im-
prove the sensing properties. Such composite can operate at room temperature
and the sensitivity can be optimized by the volume ratio of nanosized inorganic
materials. The morphology of the nanocomposite materials not only depends
on the properties of their constituents, but also on their combined morphology
and interfacial characteristics [31]. This may lead to the enhancement of the
properties of the pure polyaniline materials for applications in electronics and
optics.
A number of researchers have already developed polyaniline/inorganic nano-
composite sensors. Geng et al. [79] reported that their polyaniline/SnO2 com-
posite based sensors are sensitive to acetone and ethanol vapours when operated
at 60-90 C. Sadek et al. [77] have fabricated a polyaniline/In2O3 nanober
composite sensor for CO, NO2 and H2 gas sensing applications. Then another
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composite of polyaniline/inorganic material has been developed by Conn et al.
[65]. They investigated that the polyaniline/PtO2 based sensors produces 10
times larger response magnitude for H2 gas compared to pure polyaniline sen-
sors. Ram et al. [80] have developed polyaniline/SnO2 and polyaniline/TiO2
ultrathin lms and showed that both are sensitive to CO gas. Furthermore, few
attempts also have been carried out involving polyaniline and titanium dioxide
to improve the sensitivity [81-82]. Su et al. [81] have carried out in-situ poly-
merization to synthesize polyaniline/TiO2 composite. Moreover, Tai et al. [82]
have synthesized polyaniline/TiO2 nanocomposite thin lms using a combina-
tion of electrostatic self-assembly and in-situ chemical oxidation polymerization
technique. They examined the e¤ect of NH3 and CO on the thin lms.
In the following subsection, the author will present the literature review on
composites of carbon nanotubes (CNTs) and diamond based gas sensors. These
two materials that have been used as a composite materials with polyaniline.
Polyaniline/Carbon Nanotubes Based Gas Sensors
The advent of CNTs has strong inuence in the eld of materials. As mentioned
previously, the author believes that another option in improving the sensitivity
of polyaniline based sensors is employing its via composite with other materials.
This is due to the new synergetic or complementary behaviours of the composite
of organic and inorganic materials can be obtained which may show possible
sensing applications.
Ma et al. [83] suggested that addition of CNTs is one of the e¤ective ways to
modify the properties of polyaniline. They prepared the nanostructured polyani-
line composite lm via carbon nanotube seeding approach. The conductivity of
the prepared composite lm based conductometric sensor was measured on ex-
posure to the trimethylamine and HCl vapour in N2 gas. Wanna et al. [84-85]
investigated the sensing characteristic of polyaniline-CNTs for CO gas. They
found that the existence of CNTs in polyaniline thin lm sensor has increased
the sensor sensitivity [84]. They also observed that the polyaniline-CNTs com-
posite based gas sensor prepared via electrospinning technique possessed two to
four times higher sensitivity from those prepared via solvent casting technique
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[85]. This may be attributed by the porosity of the electrospun polyaniline-
CNTs composite thin lm. Furthermore, the use of polyvyinyl alcohol during
the solution preparation may contribute to the CO adsorption.
Chang et al. [86] established one pot synthesis of polyaniline/MWNTs nano-
composite with the Au particles dispersed in polyaniline. The Au/ polyaniline/
MWNTs nanocomposite based gas sensors were exposed towards NH3 gas. Sim-
ilar to pure polyaniline based gas sensors, the resistance of the nanocomposite
increased upon exposure towards NH3 gas. Although these sensors showed a
good repeatability and stability, they displayed a nonlinear response when the
NH3 concentration was above 10ppm.
Since in this research the author will use electropolymerization technique in
depositing polyaniline onto the whole area of SAW transducer, it is necessary
for the CNTs to homogeniously dispersed in the aniline monomer. At the same
time the CNTs should not be aggloromerated upon adding the HCl [87].
Recently, Lis group has reported on their achievements in obtaining well-
dispersed carbon nanotube/polyaniline composite lms [88-89]. By reuxing the
CNTs in aniline monomer, the composite of CNTs/polyaniline were synthesized
successfully via electropolymerization. However, no reports were found in ex-
tending the successed deposited composite for gas sensing applications. In this
research, the author will use almost a similar method to that of [88-89], and
investigate the gas sensing performance.
Polyaniline/Diamond Based Gas Sensors
Unlike polyaniline/CNTs composite material, to the best of authors knowledge,
there is no report on polyaniline/diamond composite.
Diamond has been successfully used for sensing applications due to its high
stability towards many chemical agents [90]. Diamond also has exceptional me-
chanical, thermal, electrical and chemical properties. In addition, due to its
hardness and high wear resistance, diamond AFM probes were fabricated for
MEMS applications [91]. Wide bandgap materials such as diamond are also
attractive candidates for developing gas sensitive composites. Gurbuzs group
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[48,92-93] has developed polycrystalline layered diamond-based gas sensors us-
ing Pd/i-diamond/p-diamond diode structures. The sensors were exposed to
hydrogen gas. It was found that the H2 sensitivity is large, repeatable and re-
producible. Due to the distinctive diamonds properties, its combination with
conductive polymers can result in materials with unique sensing capabilities.
This has attracted the author to deposit polyaniline and diamond composite
onto the whole area of SAW transducer. It is proposed that polyaniline/diamond
composite based sensor is an excellent choices for gas sensing applications.
2.2.3 Polyvinylpyrrolidone Based Gas Sensors
Polyvinylpyrrolidone or PVP (Fig. 2.1) is one of the acetylene chemistry prod-
ucts founded by Prof Walter Reppe [94]. After 60-years, PVP has been ex-
tensively used especially in the pharmaceutical, cosmetic and food industries.
It has high solubility in water and various organic solvents, lm formation, as
well as good adhesiveness to various substrates. PVP is also used as organic
capping agent to stabilize clusters and prevent agglomeration of particles. This
resulted in an even distribution of the colloidal system [95-97]. By using di¤erent
polymerization and deposition techniques, as well as through co-polymerization,
the properties of PVP can be further modied and improved. In recent years,
PVP has found many new applications such as in MEMS [98], photonic [99] and
dye-sensitized solar cells [100] applications.
Figure 2.1: Chemical structure of PVP.
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In most cases, PVP usually presents as an essential auxiliary, not as an ac-
tive substance itself. Many reports found that PVP plays a signicant role in
controlling morphologies of other materials. Tsuji et al. [101] have added PVP
in ethylene glycol and NaNO3 solution in the preparation process of Pt nanopar-
ticles. Their nding shows that PVP molecules are important in directing the
growth of branched Pt nanoparticles. Besides, by increasing the amount of PVP,
the shape of Au nanostructures can be changed from spheres to rods, tubes, and
capsules [102]. In other literature, the diameter of polystyrene spheres shown to
be controlled by adding and altering the amount of PVP in the polymerization
of styrene [103-105].
In literature, PVP has been used in sensing applications. Mirmohseni et al.
[44] have casted PVP solution with di¤erent PVP concentrations on top of quartz
crystal electrodes. The sensors were used for determination of ammonia and
aliphatic amines. They also exposed the sensors towards NO2, CO and CO2 but
the frequency shifts were less than 3Hz. PVP also has been used to modify the
ZnO nanoparticles for gas sensing applications [45]. Tang et al. [45] fabricated
conductometric sensors with di¤erent molar ratios of Zn2+:PVP. They found that
for pure PVP, the sensitivity is smaller than that of equal ratio of Zn2+:PVP.
Using the similar materials, Du et al. [106] have prepared ZnO nanoparticle-
dispersed PVP composite by sol-gel dip-coating technique for superoxide radical
sensor. Then De Queiroz et al. [107] have utilized the sorption and di¤usion
of water vapour in polymeric membrane [108] by using doped PVP with cobalt
(Co) and iodine (I2) for humidity sensors. By measuring the conductivity, they
found that PVP-I2 sensor gives the best response to the environment humidity.
Furthermore, composite of PVP and carbon black also has been used in novel
temperature modulation technique for vapour identication [109].
In this research, the author electrospun PVP and it composites onto SAW
transducers. The sensing performance of the developed sensors were investigated
upon exposure towards H2 gas. The details of the gas sensing results will be
presented in chapter 7.
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2.2.4 Graphene Nano-sheets Based Gas Sensors
Graphene is the basic building block of graphitic materials as it comprises of
two-dimensional layers of sp2-bonded carbon [46,50]. This one atom thick, single
carbon layer is densely packed; a consequence of its six-fold aromatic (benzene-
like) ring structure. The current interest in graphene arises from its possible
applications in nano-electronic devices. In contrast to current semiconducting
materials and graphite, a single graphene layer has no electronic bandgap. Hence,
it has an ability to exhibit a metallic-like conductivity even at room temperature
[110]. Ballistic electronic transport [111] and unusual quantum Hall e¤ects [112]
have also been reported.
With graphenes large surface area and unique electronic properties, several
groups have already begun investigating graphene based chemical sensors [113-
115]. As a two-dimensional material, it should be well-suited to the sense of
adsorbates. Reversible H2 gas adsorption isotherms have been reported [113]
using di¤erent graphene preparations with relatively high loadings, which is an
important condition for sensing elements. Schedin et al. [115] have reported that
the adsorbed gas molecules are able to increase the graphene charge carrier con-
centration, augmenting the sensitivity of the material. Their Hall measurements
revealed that NO2 has acted as an acceptor and CO as a donor. This illustrates
that upon exposure, the graphene surface has become p-type. Moreover, Joshi
et al. [114] have fabricated and tested graphene based eld e¤ect transistors for
gases such as Cl2 and O2. They showed that these gases are also readily desorbed
from graphene based sensors.
To investigate the performance of graphene as sensing layers, the author
deposited graphene on SAW transducers. The developed sensors then exposed
to H2, NO2 and CO gases. The gas sensing results will be presented in chapter
7.
2.2.5 Antimony Oxide Nanostructures Based Gas Sen-
sors
Antimony oxide (Sb2O3) is an important member of V-VI main group elements
which has been widely used in industry. Sb2O3 is popularly known as a ame
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Table 2.2: Antimony oxide states
Antimony Oxide Symbol Melting Point
Antimony (III) Oxide Sb2O3 655 C
Antimony (III, V) Oxide Sb2O4 -
Antimony (V) Oxide Sb2O5 380 C
retardant [116-119], usually in combination with halogen compounds [120-122]
or used as a synergist in plastic industry [123]. Sb2O3 is also broadly used as a
catalyst for selective oxidation of substitutes aromatics and oxidation of para¢ ns
[124], ning agents and ller materials [116]. While Sb2O3 is an interesting
semiconductor material with a unique optoelectronic and optical properties just
like other well known metal oxide semiconductors, scant attention has been given
to it since it is an indirect-gap semiconductor with low emission e¢ ciency [125].
Sb2O3 is the most popular form of antimony oxide, other possible stochiometries
are shown in Table 2.2.
Pure antimony oxide has received inadequate attention for its sensing proper-
ties. Ozawa et al. [126] found Sb oxide to have high proton conductivity, which
makes it a promising humidity sensing material. Gas sensors with a single-phase
lm of antimony (III) oxide have been tested for their response towards ethanol
vapour at variety of operating temperatures and concentrations [127]. This ex-
periment showed the best response (R/R0) is 1.47 for 100 ppm ethanol at 400 C
operating temperature. Haycock et al. [128] reported that senarmontite Sb2O3
based sensor has very high electrical resistance at room temperature and the re-
sistant only drops to a few G
 at 400 C. Consequently, they showed that when
663 ppm of methanol gas is given at 400 C, the response of the senarmontite
lm depicts a drop of about 450M
, followed by recovery on the removal of
the test gas. Myers et al. [129] tested thin lms of cadmium doped and nickel
doped antimony oxide on three di¤erent categories of reducing, oxidising and
acid gases. At 300 C, 50 ppm NO2 gave the highest sensitivity. This report also
showed that there are signicant sensitivities for other gases (CO, CH4, SO2 and
H2S) but not as high as NO2. Besides the sensors performance can be improved
by addition of the right catalysts and other compounds.
In this research, the author synthesized Sb2O3 nanostructures on conducto-
metric devices for gas sensing applications. Details of the synthesization, char-
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acterization and gas sensing results will be explained in chapter 5, 6, and 7
respectively.
2.3 Gas Sensing Mechanism of Nanostructured
Material Based Sensor
The theory of gas sensing varies in di¤erent materials. Due to the various e¤ects
and dependencies in gas sensing mechanism, many models and theories have
been proposed [54,130-134]. Several of these gas sensing mechanisms and models
will be employed depending on the class materials, in order to gain an overall
understanding into the sensing mechanism of polyaniline, PVP, graphene and
Sb2O3 based sensors.
2.3.1 Gas SensingMechanism of Conducting Polymer Ba-
sed Sensors
Conducting polymers such as polypyrrole, polyacetylene and polyaniline have
received enourmous attention for their potential technological applications. This
is due to their ability to display simultaneously both mechanical properties of a
polymer and electrical properties of a conductor [135]. Besides, these materials
o¤er several other advantages as sensing properties; ease of deposition onto a
wide variety of substrates, low fabrication cost, room temperature operation
(low power consumption) and rich structural modication chemistry [38,136].
Polyaniline is a special conducting polymer because its doped/dedoped state
can be controlled by acid/base reactions. By changing the doping level and mor-
phology, the conductivity of polyaniline can be altered for specic applications
such as electrochromic devices [37], rechargeable batteries [36], anticorrosion and
antistatic coatings, electromagnetic interference shields [137] and sensors [68-69].
In this PhD research, the author has selected polyaniline from the conducting
polymer group and synthesized it in its nanostructured form for gas sensing
applications.
Polyaniline gas sensors based on measuring the resistance changes in thin
lm structures have been previously investigated by a number of researchers. A
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Figure 2.2: Possible mechanism for hydrogen interaction with polyaniline where
A  represents the counteranion [130].
detailed review of polyaniline sensors can be found in several references such as
[138-139]. The mechanism for polyaniline and hydrogen interaction is still not
completely clear. The author believes that the H2 may form a bridge between ni-
trogen atoms on two adjacent chains or there may be partial protonation of some
of the imine nitrogen [54]. McDiarmid [54] has proposed a possible mechanism
of hydrogen gas sensing with polyaniline. The proposed mechanism is presented
in Fig. 2.2 where A  represents the counteranion [130]. Here, hydrogen interacts
with doped polyaniline at the charge amine nitrogen sites. H2 bond dissociation
follows with formation of new N H bonds to the amine nitrogen of the polyani-
line chain. Subsequent charge transfer between adjacent amine nitrogen returns
the polyaniline back to its polaronic, doped, emeraldine salt state with a release
of H2, making this reaction fully reversible [31,130].
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In this PhD study, the author also assessed the sensing performance of de-
doped polyaniline based sensor towards H2 gas. Although, Virgi et al. [130]
found no response towards H2 gas for dedoped polayniline nanobers, Sadek et
al. [67] veried that there is interaction between hydrogen molecules and poly-
mer chain of dedoped polyaniline. As imine/amine ratio of emeraldine lm can
be a¤ected by the base concentration [63], it is known that only upon exposure
to a very strong base the emeraldine salt can become an insulator [73]. As the
weak base is used in these experiments, author believes this attributes to the
amount of imine and amine in the polymer chains. Therefore, this probably
enables the interaction of hydrogen molecules with dedoped polyaniline. H2 gas
may formed a bridge between nitrogen atoms on two adjacent chains or there
may be partial protonation of some of the nitrogens in imine group [54].
The mechanism for the conductivity change in polyaniline nanocomposites
with other inorganic materials due the interaction with H2 is not yet fully un-
derstood. Sadek et al. [61,77-78] have proposed two possible mechanisms of
polyaniline/metal oxide nanocomposite towards H2 sensing. The rst one is the
activation of hydrogen molecules by the metal oxide due to the formation of
metal-dihydrogen complexes. Second possible mechanism is due to the closer
packing by the inorganic material, thus dissociation of the hydrogen molecules is
stimulated by interaction with free spin on adjacent polyaniline chains. Conn et
al. [65] have developed polyaniline/PtO2 based sensors and exposed them to H2
gas. They found that PtO2 is partially reduced after H2 treatment. Therefore,
the increment in H2 sensitivity can be reponsible by PtO or reduced Pt metal.
2.3.2 Gas Sensing Mechanism for non-Conducting Poly-
mer Based Sensors
It is well known that polymer lms are one of the alternatives of chemical inter-
faces to detect organic vapors due to their ability to work at room temperature,
high sensitivity, fast vapor di¤usion, and reversible response [140]. For polymer
lm, viscoelastic properties are important for chemical sensors. Polymers with
this property have high vapour permeability and low crystallinity [131,141].
Polymer coated acoustic wave devices are well established in the research
community and have already entered several stages of commerciallization. The
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interaction between polymer and analyte gas is based on sorption-desorption
phenomena [141]. The sorption or desorption of analyte gas into the polymer
matrix is kinetic in nature. During the exposure of the polymer based gas sensor,
the analyte molecule is transported to the surface of a coating and adsorbed to
the polymer surface. The adsorbed molecule then di¤uses into the bulk of the
material, and experience some residential time before returning to the surface
and desorbs [141]. Fig. 2.3 illustrates the absorption of vapour molecules from
the gas phase into the sorbent thin lm of the sensor device [131].
Figure 2.3: Schematic diagram of the sorption of vapour molecules into thin lm
on a sensor [131].
The mechanism between PVP with analyte molecules is mainly based on
hydrogen-bond based interactions [44,142-143]. PVP is considered as a strong
hydrogen bond acceptor due to the carbonyls of nitrogen in its chemical structure
as shown in Fig. 2.1. This carbonyl group enables a hydrogen atom attach to an
adjacent atom [144]. Therefore, upon exposure to H2 gas, the following reactions
may occur:
H2  2H+ + 2e  (2.1)
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O
q
  C   N  + H+ 
O
q
  C   N   H
(2.2)
Besides the hydrogen-bond based interactions, PVPs interaction with an-
alyte molecules can also depend on solubility properties [143]. For example,
although dimethyl methylphosphonate (DMMP) does not show any exceptional
hydrogen bonding ability, PVP based sensor is still able to show signicant re-
sponse towards this vapour. Therefore there is a possibility that such a response
is contributed by the solubility property [143].
2.3.3 Gas Sensing Mechanism for Graphene Based Sen-
sors
Graphene has emerged to become an exciting new material of carbon with many
fascinating electronic properties such as the fractional quantum Hall e¤ect at
room temperature [112], ballistic electronic transport and zero band gap. These
properties make graphene a promising material for future electronics devices.
The good sensing properties of carbon nanotubes are well known, but recently
the possibility to use graphene as a gas sensing layer has also been reported.
There are three important facts that make graphene an excellent material for
gas sensors:
 graphene is highly conductive, exhibiting metallic-like conductivity even in
the limit of zero carrier density [115,132];
 graphene is a 2D crystal with only a surface and no volume. This in fact
helps in maximizing the e¤ect of surface dopants [115,132];
 graphene has few crystal defects [145]. This will ensure a low level of (1=f)
noise caused by their thermal switching [115].
The operational principle of graphene based devices can be described by the
increase or decrease in graphene charge carrier concentration which is induced
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by the adsorbed gas molecules on graphene surface. The sensor response is
measured on changes in resistivity due to molecules adsorbed on the graphene.
Therefore, the adsorbed molecules act either as donors or acceptors.
Graphene is a p-type material [114-115], therefore holes are the majority
carriers. Upon exposure towards reducing gas such as H2 and CO, these gases
always act as donors [132-133]. The reducing gas releases electrons, induces extra
recombination with holes. Therefore, resulting in a decrease in concentration of
the majority carriers and increase of resistance [115].
Opposite to the CO and H2 gases is the charge transfer from the oxidising
gas molecule NO2 to graphene [132]. Upon exposure towards NO2, more holes
are created as a charge carrier on graphene surface, thus decrease the resistance.
Leenaert et al. [132] and Arellano et al. [133] have proposed three possible
congurations of graphenes adsorption sites which are (A) upon one carbon
atom, (B) upon the center of a carbon-carbon bond, and (C) upon the center of
a hexagon of carbon atoms. Both have used density functional theory (DFT) to
perform the rst principles calculations of gas molecules adsorbed by graphene.
The investigation towards H2 began by identifying the four unique orienta-
tions and positions that might occurs onto the surface of graphene based sensor.
It is assumed that hydrogen could either lie perpendicularly or parallel to the
plane of graphene sheet. From these congurations, the binding energy are cal-
culated to be less than 0.1 eV and the adsorbate surface distances are between
5.07Å and 5.50Å [133]. The details of calculated binding energy and distance
for H2 being adsorbed by graphene surface are shown in Table 2.3. From the
table, the most favorable position for H2 being adsorbed by graphene surface
is in the position above the center of a carbon hexagon. Whereas, the parallel
position is slightly preferable than the perpendicular one.
Similar to H2, CO also has been investigated via the DFT method [132].
Three di¤erent orientations were used for the CO molecules. One is parallel to
the surface and the other two are perpendicular to the surface, either with the O
atom above the C atom (O-C) or the other way around (C-O). The details of the
adsorbate surface distances and binding energy with respect to their orientations
are shown in Table 2.4. From the table, it is calculated that the binding energy
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Table 2.3: H2 on graphene: the binding energy and distance of H2 above graphene
surface [133].
Position Orientation Binding Energy ( eV) Distance (Å)
A perpendicular 0.070 5.50
B perpendicular 0.072 5.49
C perpendicular 0.083 5.25
C parallel 0.086 5.07
Table 2.4: CO on graphene: the binding energy and the distance of CO above
graphene surface [132].
Position Orientation Binding Energy ( eV) Distance (Å)
B O-C 0.01 3.75
A O-C 0.0096 3.75
C O-C 0.0131 3.73
A C-O 0.0084 3.72
C C-O 0.0096 3.70
B parallel 0.014 3.74
C parallel 0.0141 3.74
falls between 0.008 to 0.02 eV. Furthermore, the distance between adsorbed CO
molecules are in the range of 3.70 - 3.75Å above the surface of the graphene.
Leenaerts et al. [132] reported the adsorption of NO2 onto graphene, with
three di¤erent orientations of NO2 molecules at 0K. The three orientations are
the N-O bonds pointing up (O-N), down (N-O) and parallel to the graphene
surface. It is found that NO2 adsorbs between 3.61Å and 3.93Å above the
surface of the graphene sheet, with binding energies ranging between 0.05 and
0.07 eV. The large spacing between the adsorbate and the graphene surface
combined with the small binding was energies reported. Table 2.5 presents the
details of the calculated parameters mentioned previously.
Referring to the calculated binding energy presented in these three tables,
less than 0.1eV of binding energy are obtained. Therefore, it is concluded that
the gas molecules are being physisorbed [133] by the graphene surface.
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Table 2.5: NO2 on graphene: the binding energy and the distance of NO2 above
the graphene surface [132].
Position Orientation Binding Energy ( eV) Distance (Å)
B O-N 0.0674 3.61
A O-N 0.0653 3.61
B O-N 0.0626 3.64
A N-O 0.0547 3.83
C N-O 0.0545 3.93
C parallel 0.0667 3.83
2.3.4 Gas SensingMechanism forMetal Oxide Based Sen-
sors
Semiconducting metal oxides (MOS) such as tin oxide (SnO2), titanium diox-
ide (TiO2), zinc oxide (ZnO) and indium oxide (In2O3) have been investigated
comprehensively as gas sensing layers since the rst report by Seiyama et al.
[146]. The metal oxide gas sensing mechanism begins at the surface of the ma-
terial. It involves adsorption of the gas molecules which can be distinguished to
physisorption and chemisorption. Physisorption is dened by weak attraction
caused by van der Waals forces and usually occurs betwen the gas molecules on
oxide surface at the range of -200 to 0 C. Whereas for chemisorption, it occurs
at operating temperature of 0-500 C. This type of adsorption can be dened
as the high surface energy results in the gas adsorbing and exchanging electrons
with the surface. At high temperatures, oxygen vacancies di¤use quickly from
the interior of the grain to the surface or vice-versa.
At elevated temperatures, stoichiometry of MOS changes as a function of the
ambient oxygen. The well-known relation between the electrical conductivity
of the metal oxide,  and the partial pressure of the gaseous oxygen, p(O2) is
[31,147]:
 = o exp( Ea=kBT )p(O2)1=n (2.3)
where, kB and T are Boltzmanns constant and temperature, respectively. Ea is
the sum of the activation energies that are required to form the ionic defects, and
the subsequent ionization to form charge carriers in the conduction or valence
band. The absolute value of n from previous equation depends on the nature of
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the point defect arising when oxygen is removed from the lattice. The sign of
1=n depends on the conduction type. For n-type conduction, the value of 1=n is
negative and for p-type conduction it is positive. It is widely known that most
MOS gas sensors operate by the adsorption of ambient oxygen, which leads to a
high resistance for n-type metal oxide and a low resistance for p-type metal oxide.
From Eq. 2.3, it is important to select oxygen sensitive materials with small Ea
and large 1=n to obtain oxygen sensors with a good sensitivity to changes in the
specic oxygen pressure.
The chemistry of metal oxide and gas molecules interactions is similar to both
polycrystalline and nanostructured materials based sensors. Therefore at some
extent, the theories of conventional gas sensing still apply to the nanostructured
MOS based sensors. In addition to that, gas sensing mechanism for nanostruc-
tured material based sensors are also inuenced by crystallinity and quantum
e¤ects.
The sensing mechanism in metal oxides is related to ionosorption of species
over the surface. Oxygen and water are the most important ionosorbed species
when a sensor operates in ambient air. In the operating temperature range be-
tween 100 and 500 C, oxygen in molecular (O 2 ) and atomic (O
 ) forms ionosorb
over metal oxide. O  dominates the ionosorption at higher temperatures while
for lower operating temperature up to 200 C, it dominates by O 2 since it has
a lower activation energy than the other one [134]. These negatively charged
oxygen adsorbates play an important role in sensing gases such as H2, CO and
NO2. When the metal oxide based sensor is exposed to a reducing gas such as
H2, the following reactions may occur:
H2;gas  H2;ads (2.4)
H2;ads +O
 
ads  H2O + e  (2.5)
From the Eq. 2.5, it is obvious that the electrons trapped by the oxygen
adsorbates return to the oxide surface. The overall e¤ective change in the density
of the ionosorbed oxygen is detected as an increment in sensor conductivity.
Direct adsorption is also proposed for oxidising gaseous species such as NO2
result in the decrease of sensor conductivity [134]:
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NO2;gas  NO2;ads (2.6)
e  +NO2;ads  NO 2;ads (2.7)
The Eqs. 2.6 and 2.7 show that the occupation of surface states increases the
surface potential and reduces the overall sensor conductance.
Korotcenkovs review on the structural and physical-chemical properties of
nanoscaled metal oxide lm has shown that both lm thickness and agglomera-
tion also play an important role in gas response [148]. According to Korotcenkov
et al. [149], the gas sensing matrix of agglomerated polycrystalline lms can be
schematically presented as an equivalent circuit (Fig. 2.4). In Fig. 2.4, R(a a)
represents the resistance of inter-agglomerate contacts, Rc is the resistance of
inter-crystallite contacts, Rb is the bulk resistance of crystallites, and Ragl is the
resistance of agglomerate. This scheme shows that four gas sensitive elements
can determine the gas response, which are:
 inter-grain (inter-crystallite) contacts (Rc);
 interagglomerate contacts (R(a a));
 agglomerates (Ragl);
 grains (Rb).
In Fig. 2.4, the agglomerate resistance is an integral resistance, representing
of three dimension grain network. It is observed that the change in the above-
mentioned gas sensing elements will e¤ect the sensors gas sensing parameters,
therefore e¤ect the gas response. Low gas permeability of agglomerates promotes
the increase of inuence of inter-agglomerates contact on gas response.
With regards to morphology, simple distinction can be made between com-
pact layers and porous layers. For compact layer, the interaction between gases
occurs only at the surface. Furthermore, there are at least two types of depletion
formed: completely or partly depletion layers, depend on the ratio between layer
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Figure 2.4: Principle electrical circuit of agglomerated polycrystalline lm.
thickness and Debye length D. D (the space charge layer thickness) can be de-
ned using the formula of Debye length obtained in the Schottky approximation
[150]:
D =
s
""0kBT
q2nb
(2.8)
where " and "o are the permittivity of the medium and vacuum, respectively, kb
is the Boltzmann constant, T is the absolute temperature in Kelvins, q is the
elementary charge and nb is the concentration of free charge carriers (electrons).
In contrast with compact layers, the whole volume of porous layer is accessible
to the gases. Fig. 2.5 depicts the porous sensing layer with its geometry and
energy band D and mean diameter of grain size Xg [150]. Xg of grains and
crystallites in metal oxide have great inuences on the gas sensing properties. For
example, the sensing performance of SnO2 nanoparticles based sensors towards
target gases increases drastically if the particle diameter is placed in the range
of several nm [151]. Therefore, it shows that sensor sensitivity increases with
decreasing grain size [152-153]. For polycrystalline, the grain size e¤ect can be
summarised as follow;
 Grain/crystallites large enough to have bulk region una¤ected by surface
phenomena (d d);
2. Research Rationale 39
Figure 2.5: Schematic representation of a porous sensing layer with geometry
and energy band (D - Debye length, Xg - grain size) [150].
 Grain/crystallites smaller than or comparable to d (d  d)
For the rst case (d  d), the electroneutrality and Poisson equations for
energy (E) can be written as:
    [St] = nb  z0  A = Qss (2.9)
d2E(z)
dz2
=
q2  nb
"  "0 (2.10)
where  is the ionization state of oxygen,  is the surface coverage, [St] is a
material constant, z0 denotes the depth of the depletion region and Qss is the
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charge in surface states. The denition of q, nb, " and "0 are similar to that of
Eq. 2.8.
Given that V = E=q, where V is the general dependence of band bending.
Therefore V is written as:
V (z) =
q  nb
2  "  "0  (z   z0)
2 (2.11)
and for the surface band bending:
Vs =
q  nb
2  "  "0  z
2
0 (2.12)
By combining Eqs. 2.9 and 2.12, and using the charge carrier concentration,
ns:
ns = nb exp

  qVs
kBT

(2.13)
Therefore
 =
s
2  "  "0  nb  kB  T
2  [St]2  q2  ln
nb
ns
(2.14)
From the Eqs. 2.13 and 2.14, the charge carrier and surface coverage can be
determined.
The second case (d  d) is also important for the evaluation of band bending
between the surface and centre of the grain. For the calculation, it is assumed
that a conduction taking place in cylindrical laments obtained by the sintering
of small grains. Based on this assumption, the Poisson equation for energy E
using the Schottky approximation is:
1
r
d
dr
+
d2
dr2

E(r) =
q2nb
""0
(2.15)
and
E =
q2nb
4""0
R2 (2.16)
where R denotes the radius.
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If theE is comparable with the thermal energy, this leads to a homogeneous
electron concentration in the grain. Therefore a at band case is considered. The
following electroneutrality equation is given in at band condition:
    [St]  A+ ns  V = nb  V (2.17)
where V is the volume of the cylindrical laments and ns is now the homogenous
concentration of electrons throughout the whole metal oxide crystallites. By
combining Eq. 2.17 and the following two equations:
A = 2R(R + L) (2.18)
and
V = R2L (2.19)
where L is the cylinder length and A is the surface of the cylinder. Therefore 
for the second case can be written as:
 =
nb R
2    [St]

1  ns
nb

(2.20)
A schematic representation of nanorods based oxide surface is shown in Fig.
2.6 with potential barriers formed at nanorods contacts [31]. This barrier po-
tential varies with the amount of adsorbed oxygen. By comparing the potential
barriers of nanostructured metal oxide with the conventional inter-grain poten-
tial barrier, it is noted that the rst one has much higher potential barrier than
the second one. This is due to the complete depletion of electrons in nanorods.
Therefore the scale of conductivity modulation is much greater in nanostructures
than the conventional grains after exposure to gases.
Furthermore, during the exposure towards gas species, gas can access all of
the volume of the porous sensing layer. The gas sensing reaction can take place
at the surface of the individual grains/nanostructures, at grain-grain boundaries
and interface between the grain and electrodes [150]. This evidently shows that
nanostructured metal oxide has much greater exposed surface area and pene-
tration depth for gas molecules, relative to compact sensing layers. Hence, the
use of nanostructured metal oxide as a sensing layer can greatly improve gas
molecules di¤usion.
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Figure 2.6: Schematic diagram of a sensing layer based on nanorods semicon-
ducting oxide showing inter-rod contact resistance [32].
2.4 Summary
The authors intention in this research program is to develop highly sensitive gas
sensors based on nanostructured materials. In this chapter, a critical literature
review was conducted for the nanostructured materials used in this PhD research,
including the justication of the authors rationale for proposing these materials
for gas sensing applications. It was then followed by the explanation of gas sens-
ing mechanism of conducting polymer, non-conducting polymer, graphene and
metal oxide based sensors. The material structural morphology, lm porosity,
crytallinity, orientation and operating temperature must be optimised for nanos-
tructured materials, therefore the best possible gas sensing performance can be
obtained. To achieve this, the nanostructured materials will be synthesized via
di¤erent methods, which the rationale of choosing the method will be presented
in chapter 5.
Chapter 3
Theoretical Background of
Surface Acoustic Waves Based
and Conductometric Transducers
3.1 Introduction
In previous chapter, the critical literature review of the nanostructured materials
used in this PhD work was given. Following this review, the author presented
the gas sensing mechanism for each nanostructured material based sensors.
In this chapter, the properties of Surface Acoustic Wave (SAW) transducers
as well as their sensing principal of operation will be explored. Prior to that,
the author will provide general overview on transducers that commonly used
for gas sensing. The author also will present the SAW and conductometric gas
sensors structure that used in this reseach. The rationale of the gas sensors
structure will also be described. In addition to that, the fundamental properties
of conductometric transducers will be given at the end of this chapter. Finally
the author will provide the summary of the chapter.
3.2 Transducers for Gas Sensing
A gas sensor interacts with a gas to initiate the measurement of its concentration.
The gas sensor then provides output signal as a function of gas concentration.
A gas sensor can be described as a device, which upon exposure to a gas, alters
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one or more of its properties (e.g: capacitance, mass, or electrical conductivity)
in a way that can be measured and quantied directly or indirectly [154]. In
general, a gas sensor posseses two basic functions; a function to recognize a
particular gas analyte and the other one is to transduce a gas recognitions into a
sensing signal [15]. The gas information is converted into a form of energy which
may be measured by the transducer. The transducer device then transforms
the energy carrying the information about the gas concentration into a useful
electrical signal [155].
Nylanders review [156], Hulanicki et al. [155] and Jimenez-Cadena et al.
[157] have given important overviews in the classication of gas sensors and their
conguration. They classied these sensors according to the operating principle
of the transducers [155-156]. Gas sensors also can be grouped depending on the
gas sensitive materials [157]. Although there are many other ways in classifying
the sensors, these groups can be overlapped. For example, conductive polymer
and metal oxide based sensors can employ any transducing platforms (such as
conductometric and SAW based) and then are classied as conductometric and
SAW based sensors. In addition to SAW and conductometric transducers, there
are many other di¤erent transduction platforms that have been integrated with
nanostructured materials for sensing applications. For example, Mach-Zehnder
interferometer, surface plasmon resonance (SPR) and optical bre based trans-
ducers are among the common structures for optical based gas sensors. Whereas,
bipolar junction, Schottky diode, eld e¤ect transistor and metal oxide semicon-
ductor capacitor based transducers, which are generally categorized as solid-state
transducers, have also been used as platforms to deposit nanostructured mate-
rials for gas sensing purposes.
In the following section, the author will explore some of the most common
approaches for gas sensing based on their transduction types. The author will
focus on SAW and conductometric transducers in addition to the other common
approaches for acoustic wave based gas sensors.
Conductometric Transducer
Conductometric also known as chemiresistor, is the most common type of
transducers. It can be fabricated through a convenient and cheap process [38].
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The technology of this type of transducers have been maturely developed. Typ-
ically, a conductometric transducer is formed by patterning metal interdigitated
transducers (IDTs) on an insulating substrates as shown in Fig. 3.1. Then a
sensing layer is deposited in contacts with the electrodes, forming the sensor.
The sensing layer can be a metal oxide, conductive polymer or carbon nanotube.
The electrical resistance change of the sensing materials is measured as the out-
put. Conductometric sensors are low cost, have very good linearity and can
measure up to ppb ranges of gas concentrations.
Figure 3.1: Design of a conductometric transducer. The gray pattern is the
conducting electrode to be deposited on an insulating substrate.
Quartz Crystal Microbalance (QCM)
QCM or also known as the Thickness Shear Mode resonator is the oldest and
simplest acoustic wave device. It is categorized as a bulk acoustic wave sensor,
where a wave propagates through the substrate. Typically a QCM consists of a
thin disk of quartz substrate with parallel circular electrodes patterned on both
sides. The electrodes then are coated with gas sensitive lms. Fig. 3.2 shows
the conguration of a QCM sensor coated with conducting polymers.
Originally QCMs are used in oscillator circuits to measure metal deposition
rates in vacuum systems [158]. The oscillation frequency tracks the crystal res-
onance and shows the mass accumulation on the device surface. QCM has been
shown to operate as a vapour sensor in late 1950s [159].
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Figure 3.2: Schematic conguration of a QCM sensor device.
For operating in gas media, it is shown that the fractional frequency change
due to mass loading increases linearly with operating frequency [159]. The oper-
ating frequency of this device is given by the material, plate thickness and crystal
orientation. Typical QCM operating frequencies are between 5 to 30MHz [160].
Making a very thin device that operate at higher frequencies can increase sensi-
tivity, however it will make it more fragile and di¢ cult to manufacture.
SAW Transducer
Surface wave based devices were reported by White and Voltmer [161]. In
their design, metal thin lm interdigitated transducers (IDTs) were fabricated
on a piezoelectric substrate and then acted as electrical input and output ports.
An appropriate AC voltage were applied to the input transducer, launched and
propagated a SAW. The output or receiving transducer then detect the incident
SAW and convert back to suitable electrical signal.
Telecommunication industry is the largest user of SAW devices. The devices
are widely used as resonators, delay lines, and electronic lters. In addition to
that, SAW devices also show interesting features in medical (biosensor), auto-
motive (torque and tyre pressure sensor), industrial, and environmental (mass,
humidity, temperature and gas sensor) applications. In 1979, Wohltjen et al.
[162] has reported the rst SAW sensor. For gas sensing applications, the de-
lay lines of the SAW devices are coated with sensing layers (eg: metal oxide
or conducting polymer), which then react with entity under analysis. A SAW
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sensor can respond to three mechanisms; mass loading e¤ect, viscoelastic e¤ect
and acoustoelectric interaction [72], which can contribute to the change in prop-
agation of the surface waves. These interactions produce a shift in the resonant
frequency of the SAW device. By measuring the shift, a detailed analysis of
the target analytes can be completed. The details of the SAW transducers for
sensing applications will be given in later in this chapter.
Thin-lm Bulk Acoustic Wave Resonator (TFBAR)
Figure 3.3: Schematic diagram of a TFBAR (Side view).
Similar to QCM, the operating principle of TFBAR is based on bulk waves.
A conguration of TFBAR in Fig. 3.3 shows a thin lm of piezoelectric material
sandwiched between two metal electrodes [163]. When an electric eld is created
between the electrodes, the structure is mechanically deformed by the inverse
piezoelectric e¤ect. After that, an acoustic wave is launched into the structure
propagated parallel to the electric eld and reected at the electrode/air inter-
faces [163].
Theoretically, this type of resonator is more sensitive than the other acoustic
wave devices. It has a potential to sense the analyte concentrations at ppb level.
This high sensitivity is due to the operating frequency of TFBAR, which is cal-
culated similar to QCM with an extention that the operational frequency up
to several GHz. Therefore, TFBAR transducer can greatly improve the perfor-
mance of mass sensitive gas sensors [164].
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3.3 Fundamentals of SAW Transducers
3.3.1 Overview of SAW Devices
Figure 3.4: Schematic conguration of a basic SAW device.
Rayleigh wave is named after Lord Rayleigh, who discovered this type of
propagation in which acoustic energy is conned very near to the surface of an
inisotropic piezoelectric substrate [158,165]. This feature was then utilised in
sensor applications, where due to the surface connement of energy, allowing
them to be excited by surface electrodes [166] in piezoelectric materials and
making the wave extremely sensitive to surface perturbations [158].
The piezoelectricity phenomenon was discovered by Pierre and Jacques Curie
in 1880 [167]. This phenomenon occurs in crystals which do not have a centre
of symmetry. When stress is applied to a crystal, its lattice is deformed and an
electrical eld is developed. This phenomenon is also observed in the reverse
direction where an electrical eld is transformed to a mechanical stress when it
is applied to the piezoelectric crystal.
SAW devices were rst invented by White and Voltmer in 1965 [161]. They
fabricated metal thin lm interdigitated transducers (IDTs) on the surface of
piezoelectric crystal. The crystal was cut in such a manner that allowed propa-
gations of SAW. Application of an appropriate AC voltage stimulus to the input
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transducer launched the SAW. Then the receiving transducer detected the inci-
dent surface acoustic wave and converted it back to an electric signal. Fig. 3.4
shows the schematic conguration of basic SAW transducer.
It is essential in SAW device to use a piezoelectric crystal substrate for con-
verting the electrical eld to mechanical disturbance. Piezoelectric substrates,
36  YX LiTaO3 and 64  YX LiNbO3 are of interest for the base devices as both
substrates show high K2. In this study, it is important to choose piezoelectric
substrate with high K2 as it will contribute to the enhancement of high gas
sensing performance. For this study, low operating temperature is used in the
investigated SAW sensor, therefore these substrates are suitable choices.
3.3.2 Theoretical Analysis of SAW
SAW can be generated on the free surface of an elastic solid. The generation of a
SAW in transducer is achieved by the application of voltage to the metal lm IDT
deposited on the surface of the piezoelectric substrate. Although the details of
theoretical interpretations of acoustic wave propagation and piezoelectric e¤ect
can be found in numerious texts [158,168], a simple and systematic derivation of
the equations is included in this chapter for clarity.
Stress and Strain in Non-piezoelectric Elastic Solids
Acoustics concern the study of the time varying deformations or vibrations
within a given material media. In a solid, an acoustic wave is the result of
a deformation of the material. The deformation occurs when atoms within the
material move from their equilibrium positions, resulting in internal restoring
forces that return the material back to equilibrium [169]. The deformation or
strain of the material applies only where particles of a medium are displaced rel-
ative to each other [170], while stresses or elastic restoring forces are developed
between neighbouring particles when a body vibrates acoustically.
By assuming a displacement component of a point in a solid elastic medium
ui for the corresponding position vector component xi in Cartesian co-ordinate,
the tensor equation for stress (T ) and strain (S) component can be written as:
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Tij
xj
= 
2ui
t2
(3.1)
And:
Sij =
1
2

@ui
@xj
+
@uj
@xi

(3.2)
where i; j = 1; 2; 3,  is the mass density, and ui is the component of particle
displacements along i direction.
Stresses and strains exerted within an elastic solid can exist in compressional
or shear forms. In either case, they can be related proportionally by Hookes
Law (for elastic deformation), which can be written as [168];
Tij = cijkl  Skl (3.3)
where cijkl denotes the elastic sti¤ness constant. This constant is also known
as Youngs modulus with unit N/m2. Here, c is a fourth-rank tensor, as its
components have four su¢ xes cijkl. Similarly, stress and strain are classied as a
second-rank tensor. Tensors are usually used to identify the crystal classications
of various SAW piezoelectrics. They are also used to relate parameters that are
dependent on more than one coordinate axis sets (Tij) to those measured in
another (Sij). Therefore, Hookes Law tensor equation (Eq. 3.3) can be reduced
to matrix equation:
[T ] = [c] [S] (3.4)
From Hookes Lawmatrix equation, the elastic sti¤ness constant is reduced to
a 6 x 6matrix, with 36 possible independent values relating to the six components
of stress to the six components of strain. By considering the crystal symmetry
of a material, the 36 constants can be further reduced to the maximum number
of independent elastic constant for any crystals, which is 21.
Piezoelectric Interactions
The stress-strain relations given in previous subsection are only su¢ cient to be
applied to such a solid. Application of electric eld to the nonpiezoelectric dielec-
tric solid would have no e¤ect on its mechanical stress-strain characteristics. For
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a piezoelectric material, the relations between mechanical and electrical variables
for a crystal are shown in the following equations, where the coupling between
electrical and mechanical parameters are included.
Mechanical stress, Tij equation is given by;
Tij = c0ijklSkl   emijEm (3.5)
where c0ijkl is the elastic sti¤ness constant, emij is the piezoelectric constant, and
Em is mth component of the electric eld, E.
The equation for electric displacement density, Dn is written as:
Dn = enklSkl + "
0
nmEm (3.6)
where "0nm is the dielectric constant measured under constant or zero strain,
and enkl is the piezoelectric constant. The value of enkl and emij depend on the
crystal symmetry of the piezoelectric material and can have a maximum of 27
independent constants.
For a simplication of the numerical analysis of acoustic wave propagation,
the quasistatic approximation is employed. The approximation relies on the
fact that at the same frequency, the wavelength of elastic waves is much smaller
than that of electromagnetic waves [171] and that the subsequent magnetic eld
generated by the electric eld can be neglected. From this approximation, the
electrical pontential component Ek can be written as [170]:
Ek =   @
@xk
(3.7)
where  is the electrical potential associated with the acoustic wave. By substi-
tuting Eqs. 3.1 and 3.7 in the constitutive Eqs. 3.5 and 3.6, the equations are
further simplied using Ai = ilAl and  0il = c
0
ijklnjnk. Finally, the equation is
re-expressed in the form of Christo¤els equation:_
 il   v2il

Ai = 0 (3.8)
where
_
 il =  
0
il +
ekijnjnkl
"0klnjnk
=  0il
 
1 +K2il

(3.9)
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with
K2il =
ekijnjnkl
 0il"
0
jknjnk
(3.10)
Eqs. 3.9 and 3.10 show that the e¤ect of piezoelectricity on the propagation
velocity of the plane wave can be expressed as a change in the e¤ective elastic
constants. Electromechanical coupling constant tensor, K2il is a measure of the
e¢ ciency of the coupling of the electrical and mechanical energies for a given
piezoelectric material [171].
Campbell et al. [172] have shown that the electromechanical coupling coef-
cient can be calculated by determining the perturbed wave velocity caused by
a change in the electrical boundary conditions. It can be obtained theoretically
or experimentally by:
K2
2
=
vf   vm
vf
(3.11)
where vf and vm are the free surface and metallised surface phase velocities,
respectively.
The author has mentioned that K2 is a measure of the e¢ ciency of a given
piezoelectric in converting an applied electrical signal into mechanical energy
associated with a surface acoustic wave. In the case of conductivity based sensing
applications, piezoelectric materials with high K2 are of prime interest. In this
PhD work, two substrate materials, LiNbO3 and LiTaO3 are chosen as they have
a high K2 [168-173].
3.3.3 Principal SAW Sensors Operation
Fig. 3.5 shows a typical SAW based sensor which consists of a 2-port SAW
delay line with a thin lm of gas sensitive material deposited onto the active
surface of the device. For gas sensing applications, thin lm of material should
be sensitive to a specic gas analyte. Generally, the sensitive layer is deposited
between the input and output IDT electrodes. The sensing mechanism involves
the physicochemical interaction between the sensitive layer and the analyte gas.
The sensor response is obtained from the measureable shift in the SAW modes
phase velocity caused by the perturbations which will be described in Eq. 3.13.
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Figure 3.5: Schematic diagram of a conventional SAW gas sensor structure (top
view).
As mentioned previously, the change in the surface boundary conditions of
the device is due to the chemical reactions between the analyte gas and the
sensitive layer. This results in a change in the acoustic phase velocity of the
propagating SAW. The change in SAW velocity can be measured by the most
common methods: phase and frequency measurement techniques [174].
The frequency measurement technique is the convenient method in interpret-
ing the sensing interaction. This is due to the resonance frequency of the device
can be related to the change in acoustic phase velocity (assuming negligible
dispersion):
f
fo
= kv
vo
(3.12)
where k is the function of the centre-to-centre distance between input and output
IDT a¤ected by the perturbations, v is the change of SAW velocity when a free
surface of piezoelectric is electrically shorted by a highly conducting metal lm,
vo is the unperturbed SAW velocity and fo is the fundamental frequency of the
SAW sensor [175]. Similarly, the velocity of the SAW device can be measured
by di¤erent attenuation and phase measurement techniques [176]-[178]. The
measured quantities should be ideally correlated to the relative concentration of
the gas analyte.
The rst application of a SAW device as a gas sensor was reported in 1979
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by Wohltjen and Dessy [179]. They investigated and reported the operation
of LiNbO3 based SAW devices (coated and uncoated with sensing layers) as
gas sensors. Consequently, a variety of studies for di¤erent types of gas have
been reported. DAmico et al. have developed H2 sensor using a paladium
sensitive layer on the active area of SAW device [180-181]. Meanwhile, Rapp et
al. [182] conducted NO2 gas measurement in the ppb-range with high frequency
SAW transducers. WO3 thin lm based SAW sensors has also been utilized to
measure NO and NO2 in the concentration range of 0-4400ppm and 0-100ppm
respectively. Furthermore, SAW gas sensors have been utilized towards H2S
[183], CO [184], toxic gas, sarin [185] as well as many others. The comprehensive
studies on the development of SAW sensors have been investigated and reported
by DAmico et al. [186] in 1989, Ballantine and Wohlten [187] in 1989 and Grate
et al. [188-189] in 1993, and [131] in 2000. Following these reports, several other
reviews on acoustic wave gas sensor technology have been completed by Martin
et al. [190], Cheeke et al. [191], Vellekoop [192], Drafts [193] and Anisimkin et
al. [194].
In a SAW device the parameters involved with sensor applications concerns
either electrical or mechanical pertubations. Any change in these physical prop-
erties of the device a¤ect either one or both of the wave propagation parameters;
velocity (v) and attenuation (). The most common technique for SAW device is
measuring the deviation in propagation velocity of the surface wave as a change
in resonant frequency of the device [195].
Eq. 3.13 illustrates the factors that can e¤ect the generic acoustic wave
propagation in a SAW device:
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where  is the complex SAW propagation factor:
 =

k
  j

v
vo

(3.14)
and k is the wave number.
Eq. 3.13 shows that the perturbations a¤ecting acoustic wave velocity can be
attributed to many factors, each of which represents a potential sensor response
[175]:
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 m - Mass
  - Conductivity (electrical)
  - Shear elastic modulus
  - Viscosity
 " - Permittivity
 p - Pressure
 T - Temperature
These interactions change the boundary conditions, thus producing a mea-
surable shift in the propagating SAW modes phase velocity.
For a SAW device surface three perturbations mechanisms (mass, elasticity
and conductivity) are considered. Using these mechanisms, the SAW velocity
shift and normalised attenuation are calculated as [175]:
v
vo
=  cmfos + cefoh

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+ 
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
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and

k
=
K2
2


voCos
2s + v
2
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2
o

(3.16)
where cm and ce are the coe¢ cients of mass sensitivity, fo is the fundamental
frequency of the SAW sensor, s is the mass surface density (mass per unit area)
of the coating and h represents the lm thickness. K2 is the electromechanical
coupling coe¢ cient which gives a measure of the piezoelectric strength of the
medium, s is the sheet conductivity of the lm. This sheet conductivity can
be calculated using s = h, where  is the lm bulk conductivity. Co is the
capacitance per length of the SAW substrate material, k is the wave number
(k = 2=), where  is an elastic module.
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Mass Sensitivity
One of the most interesting sensing mechanisms of acoustic sensor response is
mass sensitivity. It is dened as the frequency shift caused by the addition
of a mass such as thin lm materials and chemical species onto the surface
of a SAW device. This type of sensitivity is related to the device structure
geometry, properties of the substrate, as well as operating frequency and nature
of the acoustic waves. The sensitivity is also strongly related to the surface
connement; the guiding of the acoustic energy near the surface. Applications
of this mechanism are found in areas such as lm thickness monitoring, gas and
liquid media, as well as bio-sensing [196]. In term of velocity change that was
presented in Eq. 3.15, mass sensitivity can be dened as:
v
vo

mass
=  cmfos (3.17)
Earlier, the author has mentioned that mass sensitivity can be a¤ected by
the devices properties, the viscosity, sti¤ness and geometry of the material also
a¤ect the response. The most widely used denition of a SAW sensitivity is
[197]:
Svm = lim
m!0

v=vo
m=a

(3.18)
where v represents the velocity change due to mass change per unit area
(m=a) and vo is the unperturbed SAW phase velocity.
Change in frequency is the common parameter to measure. Therefore, the
corresponding sensitivity as a function of output frequency is dened as [198]:
f
fo

mass
=

v
vo

mass
=  cmfo
m
a

(3.19)
Sfm = lim
m!0

f=fo
m=a

=

vg
vo

Svm (3.20)
where, vg denotes the group velocity of the SAW mode which can be calculated
from the phase velocity.
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Conductometric Sensitivity
Piezoelectric phenomenon is related to the electromechanical coupling co¢ cient
(K2) of the piezoelectric materials employed in the SAW device structure. In
conductometric gas sensing applications, the interaction of the analytes gas mole-
cules with the sensitive layer perturbs the electrical boundary condition at the
surface of the SAW device. This results in the perturbation of the velocity
and attenuation of the electro-mechanical waves. The basic theory of a SAW
response to a conductivity change has been developed by Ricco et al. [199].
They proposed that the change in velocity and attenuation due to the sensing
layer conductivity modulation can be approximated from the Eqs. 3.15 and 3.16
resulting in the following equations:
v
vo
=  K
2
2
1
1 +

s
or
2 (3.21)
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
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or
2 (3.22)
where s is a sheet conductivity of the sensing lm and or is the sheet conduc-
tivity of substrate.
To optimise the electroacoustic interaction for sensing applications, the sens-
ing layer conductivity must fall within the range where the curve has a signi-
cantly large gradient. Fig. 3.6 demonstrates the electroacoustic e¤ect on SAW
propagation, the theoretical dependence of the relative changes of the SAW ve-
locity and attenuation as a function of s normalised to or.
To obtain high sensitivity, the sheet conductivity of the layer must be matched
to the velocity-permittivity product of the SAW device. Referring to Fig. 3.6,
the diagrammatic explanation of the change in velocity to the sheet conductivity
have been divided into ve regions. Region C in Fig. 3.6 shows the optimum op-
erating region. At this point, the velocity shifts for both oxidising and reducing
gases are of equal magnitude. The magnitude shift at region B and D are not
proportional equally for the same oxidising and reducing conditions. Further-
more, in the layer conductivity ranges of region A and E, little or no velocity
shift are observed. Eq. 3.12 has shown the relation between frequency shift
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Figure 3.6: Surface wave velocity and attenuation as a function of layer conduc-
tivity [31,173].
to the velocity shift. Therefore, to obtain the maximum frequency shift, layer
conductivity must fall in region C.
Viscoelastic E¤ects
The mechanical interaction between the acoustic wave and the lm occurs when
the lm is either acoustically thick and/or the lm is in the viscoelastic regime.
Therefore, the interaction must include the viscoelastic e¤ect. In term of velocity
change that presented in Eq. 3.15, the inuence of viscoelastic e¤ect can be
calculated from equation:
v
vo
= cefoh

4
v2o

+ 
+ 2

(3.23)
If polymer layers are used for SAW sensors, high energy loss in polymer mate-
rials causes viscoelastic behaviour by relaxation of the polymer chains. Besides,
the viscoelasticity also can be caused by the considerable swelling of the polymers
which is due to the adsorption of vapour/gas analyte [200]. The phenomenon
of sorption of gases into polymers can be described by the following equations
[201]:
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C = CD + CH = kDp+
C 0Hb
1 + bp
p (3.24)
where CD is the Henrys law solubility term and CH is a Langmuir sorption
term that accounts for the characterization of a polymer matrix [202]. The hole
capacity of the polymer is quantied by C 0H , b is for the sorption a¢ nity that the
polymer holds for the gas, kD represents the solubility parameters in the Henrys
law limit and p is the partial pressure of the gas or vapour.
3.3.4 SAW Gas Sensor Structure Used in This Project
Figure 3.7: Schematic diagrams of nanostructured material/SAW sensor. Above:
Top view. Below: Cross sectional view.
For this work, the author deposits the selected nanostructured materials di-
rectly over the whole area of SAW transducers. It is known that the thin lm of
the sensing layer can be deposited either in between the input and output IDTs
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(refer Fig. 3.5) or by expanding the deposition area to include the input and
output IDTs, depending on the conductivity of the deposited materials.
For delay line type devices, there should be negligible reections at points
between the input and output IDTs. Hence the delay is the accumulated phase
change accross the device surface due to the surface propagation. This shows
that the response should be independent of the location of the sensing layer,
considering the sensing material was deposited between the input and output
IDTs [203]. However, in the very same paper, it was also shown that the sen-
sitivity (in this case is mass sensitivity) in the electrode regions can di¤er from
that in the region between electrodes. Recently, Powell [198] had investigated
the sensitivity distribution across the SAW device surface. He showed that the
best region for depositing a sensing materials in order to obtain the optimum
sensitivity, is by expanding the deposition of thin lm area and including the
input and output IDTs. Considering this, the author employed the same region
for the SAW sensor structure used in this research. As the thin lm based on
nanostructured materials are porous and have high surface to volume ratio, it
is anticipated that the conductivity of the sensitive layer is highly modulated
by gas species. The author believes that by employing the novel nanostructured
materials on the SAW transducers, the performance of conventional non-layered
SAW sensors can be greatly enhanced. By maximizing the sensing layer de-
posited on the whole area of SAW transducer, the interaction area for the gas
molecules to the nanostructured materials is increased.
Although layered SAW sensors have shown a number of advantages compared
to non-layered structures [31,173], they are not feasible for certain methods of
synthesized nanostructured. In a layered SAW sensor, generally a layer of inert
material such as ZnO or SiO2 is used as an intermediate layer. In this PhD
study, the nanostructures were synthesized directly onto the SAW transducer.
The use of acid during electropolymerization would dissolve the intermediate
layer. Furthermore, the use of hydrazine to reduce graphite oxide to graphene
might also remove the oxygen from ZnO. The details of the synthesization of
nanostructured materials will be presented in chapter 5.
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3.4 Fundamentals of Conductometric Transduc-
ers
Conductometric transducers are among the most common devices used in sensing
applications [65,67,204]. This is due to their inexpensive and simple fabrication
and set-up. In conductometric sensors, sensing material is deposited in between
conducting electrodes. For conductometric measurements, a voltage can be ap-
plied accross the electrodes, which generates an electric eld. The electrical
conductivity of the deposited material can be determined from the measured
current. The relation between current density J , electrical conductivity , and
electric eld E can be written using Ohms law :
J = E (3.25)
Ohms law also can be written in its common form:
V = IR (3.26)
where V is the voltage, I is the current, and R is the electrical resistance.
Conductometric measurements can be conducted in either AC or DC con-
ditions. The applied voltage and current are generally selected such that the
conductivity remains in a relatively linear region. Upon exposure towards ana-
lyte gas, the change in electrical resistance of a sensing material is recorded.
In this PhD study, thin lm of nanostructured materials are deposited onto
the electrodes and the area between them. The fabrication method of transducers
will be explained in the next chapter. The details of the material characterization
and gas sensing performance will be given in chapter 6 and 7, respectively.
3.5 Summary
In this chapter, the author has presented the literature review and theoretical
aspects of SAW transducers. The non-layered SAW transducer was presented.
The author also described the principle operation of SAW based gas sensors.
Three important SAW sensing mechanisms; mass loading, viscoelastic e¤ect and
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conductometric change, were also explained here. The author also presented the
fundamental theory of conductometric transducers.
The synthesis and deposition of nanostructured materials will be explained
in chapter 5. The author will deposit nanostructured materials as sensing layers
on SAW and conductometric transducers as proposed in this chapter. This
incorporation of SAW and conductometric technology into nanotechnology are
believed to pave the way for highly sensitive commercial gas sensors.
In the next chapter, the author will describe in detail the fabrication of SAW
and conductometric transducers. This step-by-step fabrication process for these
transducers will be presented before they are ready for nanostructured materials
depositions.
Chapter 4
Fabrication of SAW and
Conductometric Transducers
4.1 Introduction
Prior to this chapter, the author has introduced SAW and conductometric trans-
ducers in the following aspects; the basic operating principle and transducing
mechanism.
In this chapter, the fabrication process of SAW and conductometric devices
is described. There are many steps involved in the fabrication of such devices,
which include metallization layer deposition and photolithography. This stage
is highly crucial as defect in any fabrication stage can lead to an irreversible
error that requires restarting the entire process. The author will rst outline the
fabrication of SAW device in section 4.2. Section 4.3 provides the parameters of
the fabricated SAW transducers. For conductometric transducer, the author will
combine the explanation of the fabrication technique and device parameters in
section 4.4. This is due to the similar fabrication process which is employed for
conductometric transducers. Section 4.5 provides the summary of the chapter.
4.2 SAW Transducer Fabrication Process
In this section, the process that is used for the fabrication of the SAW transducers
is described. All fabrication steps were performed by the author and were un-
dertaken within the Microelectronics and Materials Technology Centre (MMTC)
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clean room and vacuum laboratory facilities at RMIT University. The transduc-
ers fabrication process was accomplished using standard fabrication techniques
such as electron beam evaporation, photolithography and chemical etching.
4.2.1 Sample Cleaning
Cleaning process during sample preparation is one of the most important parts
of the fabrication procedure. Using class-1000 cleanroom facilities, the surface
of the 75mm (3 in) 36  YX LiTaO3, 64  YX LiNbO3 and langasite (LGS) sub-
strates was cleaned prior to metal layer deposition. This is to ensure no particles
or dust left in between metal layers and wafer. Therefore this step is signicant
to a nal success of the IDTs patterning. In order to obtain good edge denition
of the metallic thin lms used to form the IDTs patterns, a uniform metallic lm
with high adhesion is required.
Initially, the wafer was cleaned in acetone bath for ve minutes to de-grease
the wafer and enhance the adhesion of metallic lm. The wafer was then rinsed
in isopropyl alcohol (IPA) for approximately two minutes. After that, it was
rinsed in deionised (DI) water to remove the acetone and IPA. Finally, the wafer
was blown to dry in compressed nitrogen.
If necessary, after inspection, further cleaning of the samples was attempted
in AZ-100 stripper or acetone bath heated between 70 C to 85 C and rinsed
for 20min. To conrm that the wafer was cleaned and ready for metal layer
deposition, a thorough visual inspection was conducted under microscope. The
cleaning process was repeated to see if any dust of particles were found on the
wafer. Cotton swab with methanol was used to clean and remove any further
particles contaminations.
4.2.2 Metallization of Wafers
Gold (Au) and titanium (Ti) metallization layers were deposited on the samples
using a BalzersTM electron beam evaporator. Au with a thickness of 80nm was
chosen for IDTs patterns as it is highly inert to most analytes and provides high
conductivity. A 20nm thick of Ti was deposited in between the Au and the
substrate to promote the adhesion of the Au to the surface.
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4.2.3 Wafer Dicing
After the Au and Ti metallization, the wafer was cut into smaller pieces that
tted the designed transducers using a Tempress (Model 602) dicing saw. Before
the dicing process, thick photoresist (AZ4620) was spin-coated on the surface of
the metallized layer. This spin-coating was necessary to avoid any damage to
the thin lms.
4.2.4 Photolithographic Mask
Photolithographic masks were designed and fabricated to pattern the substrates
samples with the IDT designs. For this research, the existing mask designed
by other researchers from RMITs Sensor technology laboratory was used. The
design of IDTs structures were written in computer scripts for Agilent ADS soft-
ware package in layout mode and the designed parameters used in this research
are presented in Table 4.1 and 4.2. The designed masks were fabricated on quartz
substrates for the photolithography process.
4.2.5 Photolithography
Photolithography is a process of transferring the mask pattern onto the metal
layer. At rst, the metallization layer surface was cleaned thoroughly. This
cleaning process was similar to that of subsection 4.2.1. After that, a thin lm
of photoresist was spin-coated on top of the metallized surface of the substrate.
A positive photoresist AZ1512 was utilized due to its ability to become soluble
in developer upon exposure to UV light. The metallized surface of the sample
was deluged with photoresist AZ1512, and then spun at 3000rpm for 30 s to
obtain a uniform layer photoresist of approximately 0.5m. After that, the soft
baking process was performed at 90 C for 20min. This is necessary to harden
the photoresist by forming a cured lm. After soft baking, the sample was cooled
at room temperature for approximately 10min.
A Carl Suss MRK-3 mask aligner was used for transferring the mask pattern
onto the metallized samples. The cured photoresist lm was exposed to the UV
light source for approximately 10 s. However the exposure time could be varied
between 8 to 15 s, depending on the UV power intensity. The placement of the
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wafer was such that the IDTs structures were parallel to the wafer refence cut.
Therefore, the resulting devices will have the acoustic propagation parallel to
the crytallographic x-direction.
Afterwards, the UV exposed sample was developed using 1:4 AZ400:H2O
developer. The deleveloping time ranged between 12 to 18 s, depending on the
concentration of the developer and the exposure time under UV light. The
samples were then washed with DI water to remove any excess developer solution.
Subsequently, the samples were visually inspected under microscope to conrm
that the exposure and development process were successful. All the aforemention
photolithography processes were repeated if defects were observed.
A post baking process at 110 C for 20min followed the developing process.
This was required to harden the patterned photoresist layer before the etching
process. The post baking process was found to be more durable during the
chemical etching process.
4.2.6 Chemical Etching
Etching processes fall into two categories; wet etching and dry etching [33]. Wet
etching is an etching process that utilizes liquid chemicals or etchants to remove
materials from the sample. In contrast to wet etching, dry etching refers to the
removal of the material from a substrate through bombardment with energetic
ions that etch the surface.
In this research, wet chemical etching was used to remove the unwanted area
of Au/Ti metallisation on the samples. This process was highly important as the
incorrect etching time could lead to either over or under etching of the metallized
IDTs. Subsequently, this would cause distortion of the electrical characteristic
of the device.
The etching process started by etching the top metallization layer, Au. 94:6
H2O: "Technistrip Au" (17% Potassium Cyanide) solution was used to etch the
Au layer of the sample. The ecthing time was approximately 40-60 s, depending
on the strength of the etchant. Then the sample was immediately rinsed under
DI water to remove the etchant solution from the sample. The same process was
4. Fabrication of SAW and Conductometric Transducers 67
repeated to remove the unwanted Ti layer. To etch the Ti layer, a solution of
1.5:98.5 HF:H2O is used. The sample was immersed in the Ti etchant for 20 s or
until the unwanted Ti layer was etched. After Ti layer was successfully removed,
the sample was rinsed under owing DI water for few minutes to remove the
excess Ti etchant from the sample. Finally the sample was dried under owing
compressed nitrogen. A thorough visual inspection was performed by the author
using microscope to make sure that the IDT was successfully developed. The
photoresist layer was removed by the process described in section 4.2.1.
The electrical performance of the fabricated transducers was measured using
network analyzer. The details of this measurement will be presented in chapter
7.
4.3 SAW Transducer Parameters.
Throughout this research program, SAW transducers were patterned on 36  YX
LiTaO3 and 64  YX LiNbO3 substrates. As mentioned in previous section, most
of the devices were fabricated using the standard fabrication method. SAW
transducers without sensitive layer were also fabricated in large amount by an
external contractor. Since the repeatability between devices were found to be
better, these devices were used in this research. Two di¤erent pattern parameters
were used and summarised in Table 4.1 and 4.2. These two types of SAW
devices were chosen to yield a center frequency of approximately of 102MHz and
200MHz, found to provide good compromise between insertion loss and loaded
Q-factor. A schematic representation of the SAW transducers of 200MHz is
shown in Fig. 4.1.
Table 4.1: Parameters of SAW transducers fabricated using; 36o YX LiTaO3 and
64o YX LiNbO3 substrates.
IDT Metallization Layer Ti/Au : 20/80nm
Electrode pairs 38
Grating electrodes 160
Aperture width 700m
Periodicity 40m
Centre-to-centre distance 1920m
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Table 4.2: Parameters of SAW transducer fabricated on 36o YX LiTaO3.
IDT Metallization Layer Ti/Au : 20/80nm
Electrode pairs 16
Grating and reector electrodes 20 and 120
Aperture width 350m
Periodicity 80m
Centre-to-centre distance 200m
Figure 4.1: A fabricated 36  YX LiTaO3, showing two identical resonators.
4.4 Conductometric Transducer Fabrication
LGS conductometric transducers were fabricated by the author at RMIT Uni-
versity using the MMTC facilities. Before the substrate was chosen, the author
has performed thermal evaporation testing on several bare substrates namely;
silicon, LiTaO3, LiNbO3 and LGS to grow Sb2O3 nanostructures. Surface mor-
phology scanning using SEM was conducted on the surface of each sample after
the thermal evaporation. The details of the thermal evaporation method, SEM
and gas testing results will be presented in chapter 5, 6, and 7 respectively.
For LGS conductometric transducer fabrication, the similar process to SAW
transducer fabrication process was used. Therefore in this chapter, the details of
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the conductometric fabrication is not provided. The conductometric transducer
consists of IDTs with Ti, nickel (Ni) and Au (in order of deposition) metallization
layer lm thicknesses of 20, 30, and 50nm, respectively. The etching process of
the Ti and Au layers were presented before. Ni layer acts as a lattice relaxation
layer in between the Au and Ti layers. A solution of 15 g of ammonium persulfate,
25ml nitric acid (70% concentration) and 100ml of DI water was used as Ni
etchant. The sample was immersed for approximately 30 s and then rinsed under
DI water to remove the excess etchant. On this substrate, 113 electrode pairs
with 8.5m of an electrode width were patterned with 5600m aperture width.
Fig. 4.2 shows the fabricated LGS transducer.
Figure 4.2: A fabricated LGS conductometric transducer.
4.5 Summary
In this chapter, the fabrication steps of the SAW and conductometric devices
were outlined. The steps involved; cleaning the substrates, metallization layer
deposition, wafer dicing and photolithography, as well as chemical etching. Each
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device was systematically inspected throughout the fabrication process to avoid
any defect that could a¤ect the performance of the device. Any devices with
unsatisfactory visual or/and electrical characteristic were rejected.
In the next chapter, the author will describe the syntheses and depositions
of nanostructured materials on transducers. In this PhD study, four materials
were used as sensitive layers. Each material was employed via di¤erent deposition
techniques, which will be explained in details in chapter 5.
Chapter 5
Nanostructured Material
Synthesis and Deposition
5.1 Introduction
Prior to this chapter, the author presented the motivation of conducting re-
search into nanostructured materials for gas sensing applications. Based on this
motivation, the author chose to investigate four di¤erent materials, which were
polyaniline, PVP, graphene and Sb2O3. The literature review on these materials
were given in chapter 2. After that, the author described the theory and fabrica-
tion of the SAW and conductometric transducers in chapter 3 and 4, respectively.
In this chapter, the author will describe the synthesis methods that were
used in this research. Apart from the introduction, this chapter is divided into
six sections. Section 5.2 presents the general overview in synthesis nanostruc-
tured materials. Then section 5.3 presents the details of synthesizing polyaniline
nanobers. This is followed by the development of PVP, graphene and Sb2O3
which will be explained in sections 5.4, 5.5 and 5.6, respectively. Finally, section
5.7 gives the summary of this chapter.
5.2 Synthesis of Nanostructured Materials
Nanostructured materials are those with at least one dimension falling in nanome-
ter scale including; nanorods, nanowires, nanobers, nanoparticles and thin lms
that are made of nanoscale blocks, or consisting of nanoscale structures.
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Synthesis and processing of nanoscale materials are the integral aspects in
nanotechnology. Good understanding of these aspects help in exploring the
novel chemical and physical properties and phenomena, as well as in realizing
the potential applications of nanostructured materials.
Many technologies have been explored for the fabrication of nanostructures
and nanomaterials. These technical approaches can be grouped into several ways.
One of the methods of grouping is via the classication based on top-downand
bottom-upapproaches. Top-down approach is considered when the existing
coarse-grained materials are processed to produce substantial grain renement
and nanostructures. This technique is most likely to introduce internal stress,
in addition to surface defects and contaminations [205]. The disadvantage of
top-down approach is the imperfection of the surface structure [205]. Since
surface-to-volume ratio in nanostructured material is high, such imperfection will
have a signicant impact on surface chemistry and physical properties. However,
regardless to the surface imperfections and other defects that top-down approach
may introduce, this approach will continue to play an important role in syntheses
and fabrications of nanostructures. Among the successful top-down approaches
are severe plastic deformation [206] and milling techniques.
Meanwhile, a bottom-up approach refers to the build-up of a material from
the bottom: atom-by-atom, molecule-by-molecule, or cluster-by-cluster to form
a nanostructured material. The bottom up approach utilizes methods of self-
organization at molecular and nanocrystalline levels. Crystal growth is a bottom-
up approach, where growth species such as atoms, ions or molecules, after im-
pinging onto the growth surface, and assemble onto crystal structure one after
another. This method also shows good capability to obtain nanostructures with
more homogeneous chemical composition as well as less defects [205].
Methods such as lithography are considered as hybrid approaches. In lithog-
raphy the growth of thin lm is bottom-up whereas etching is top-down. While
nanolithography is commonly classied as a bottom-up approach.
In this research, the synthesis of polyaniline involves in polymerizing the
aniline monomer to polyaniline nanobers. The aniline monomer was used as
electrolyte in acidic solution for electropolymerization. Polyaniline nanobers
were then polymerized on a working electrode upon application of a voltage.
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Meanwhile for PVP, the PVP powder was dissolved in DI water and then elec-
trospun to form bres. For graphene, the material was synthesized via exfoliating
graphite oxide (GO) in water before reducing GO to graphene. Whereas Sb2O3
was thermally evaporated at high temperature, forming nanostructured Sb2O3.
The details of the synthesis and deposition of these materials are described in
sections 5.3 to 5.6.
5.3 Synthesis of Polyaniline Nanobers and Its
Composite
To date, several synthetic methods have been employed for the synthesis of
polyaniline nanostructures. Most popular polyaniline synthesis techniques are
via chemical polymerization, where an oxidant is required to be added to an
acid aqueous mixture of aniline monomer to initiate the polymerization [63-66].
The synthesized polyaniline is then spin-coated [65] or drop-casted [67-69] onto
respective transducer to be used as sensors. Other synthesis methods reported
are in-situ polymerization [207], vacuum-depositing polyaniline lms [208], and
photolithographic synthesis [209].
The synthesis of polyaniline via electropolymerization technique [37,210-212]
is quite common. This method allows controlling the thickness of the deposited
polymer [211-212]. However, the use of inter-digitated transducers (IDTs) as
working electrodes when forming an electropolymerized polyaniline lm can be
a tricky task as the gaps between electrodes need to be short-circuited to es-
tablish a continuous lm. Recently, Kalantar-zadeh et al. [75] have successfully
deposited polyaniline nanobers onto SAW transducer with this method. The
observed result was a 6.2 kHz frequency shift when polyaniline nanobers based
64  YX LiNbO3 SAW sensor was exposed to 0.125% H2 gas. In this research,
the author employed the IDTs of a SAW transducer as the working electrode for
electropolymerization, so that the polyaniline nanostructures would be deposited
directly onto the transducer. The SAW sensors were then exposed to di¤erent
concentrations of H2 gas at room temperature. The results of the gas sensing
performance will be presented in chapter 7.
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5.3.1 Sample Preparation
The IDTs of the SAWdevices need to be short-circuited before the polyaniline are
electropolymerized on the IDTs. Fig. 5.1 shows the prepared SAW transducer
as a working electrode in electropolymerization experiment.
Figure 5.1: A sample of the prepared SAW transducer as a working electrode
for electropolymerization of polyaniline.
Firstly, a 0.5mm3 tin-copper wire was attached to the SAW transducer pads
using conducting silver paste (mixture of EPOTEK Part A and EPOTEK Part B
with a ratio of 1:1). The tin-copper wire was used as a connector from the power
supply to the metalization part of the transducer as well as the transducers
holder. To harden the silver paste, the prepared sample was baked in the oven
for one hour at 100 C. After that, the sample was left to cool before the surface
of the SAW transducer was cleaned. The detail of the cleaning process was
presented in chapter 4, section 4.2.1. Afterwards, the transducer pads, hardened
silver paste and tin-copper wires were coated with photoresist AZ1512 and baked
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for 30min at 90 C. This process was important to avoid the deposition of
polyaniline during the electropolymerization process on the unwanted area. To
conrm that the unwanted area of the sample was covered, a thorough visual
inspection of the sample was conducted under microscope. The coating process
was repeated until there was no exposed area found on the transducer pads,
hardened silver paste and tin copper wires.
5.3.2 Electropolymerization of Polyaniline Nanobers
Polyaniline nanobers can generally be prepared via two types of polymeriza-
tion: chemical polymerization and electrical polymerization. In this research,
polyaniline nanobers and its composite were synthesized via electropolymeriza-
tion except for polyaniline/diamond nanostructured composite which was syn-
thesized using chemical polymerization. The electropolymerization technique
was preferred due to its ability to enable a better control of lm thickness and
morphology compared to chemical oxidation. The synthesis of polyaniline via
this method is generally conducted in a highly acidic solution of aniline monomer
as the aniline monomer is soluble in water under such a condition. A thin lm
of polyaniline nanobers was deposited onto an electrode surface of the SAW
transducer by the anodic oxidation of aniline monomer in the presence of an
electrolyte solution [74]. Di¤erent electrochemical routes can be used to obtain
the polyaniline nanobers including potentiodynamics, galvanostatic [211] and
potentiostatic [37]. The kinetics of the electropolymerization of aniline monomer
in sulfuric acid have been investigated by Mohilner et al. [213]. They deduced
that the initial oxidation requires the formation of aniline radicals. Recently, Liu
et al. [211] and Yu et al. [37] have investigated the growth mechanism of elec-
tropolymerized polyaniline with controlled nucleation and step-wise deposition.
Both pointed out that initially a high current density [211-212] or high voltage
[37] is necessary to form homogeneous distribution of nucleation sites. After the
nucleation sites are formed, lower current density or voltage was applied to the
system to allow polyaniline nanobers grow perpendicularly on the basis of these
sites.
The processes of electropolymerization can be carried out in a simple two-
electrode electrochemical cell. Fig 5.2 shows the experimental set-up used by
the author for synthesizing the polyaniline nanobers. The deposition was con-
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ducted in HCl electrolyte containing aniline monomer at room temperature. A
piece of platinum sheet was employed as the counter electrode and the IDTs of
SAW transducer were used as the working electrode. The distance between these
two electrodes was set at 3 cm. Upon application of positive potential between
the working and counter electrodes, the oxidation reaction took place and sub-
sequently the insoluble polyaniline nanobers was deposited onto the working
electrode.
Figure 5.2: Schematic illustration of experimental apparatus for the electropoly-
merization polyaniline nanobers.
The electropolymerized polyaniline nanobers were grown using a two-step
polymerization. To synthesize the polymer, the author applied two di¤erent volt-
ages consequently. The high voltage of 0.75V was used for controlled nucleation
which then acted as the base sca¤old of the next step of polymerization. At this
stage, to allow the polyaniline grow from the nucleation sites, the potential was
reduced to 0.65V.
Previously, the better control of lm thickness and morphology were men-
tioned as the advantages of electropolymerization in comparison to chemical
polymerization. Di¤erent thickness of polyaniline nanober lm can be achieved
by varying the deposition time. One of the objectives of this research program
is to investigate the e¤ect of the thickness of polyaniline nanober thin lms on
gas sensing. To accomplish this, the electrolyte containing 1M HCl and 0.3M
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aniline monomer was used. After that, the varied thickness of polyaniline thin
lms on SAW devices were dedoped in NaOH solution (pH 12.2) for 10 s. The
novel dedoped polyaniline nanobers based 36  YX LiTaO3 SAW sensors then
were investigated towards H2 gas.
For the optical characterization, the author electropolymerized polyaniline
nanobers on indium tin oxide (ITO) glass. By varying several deposition pa-
rameters, UV-Vis adsorption spectra measurement was conducted. The author
investigated the optical characterization of the polyaniline deposited at di¤er-
ent acid concentrations, di¤erent temperatures (refer to Table 5.1), and voltages
(refer to Table 5.2).
In electropolymerization, the use of correct electrolyte is critical as the de-
posited polyaniline nanobers will be used as the sensitive layer of gas sensors.
The author varied the concentration of HCl used in electrolyte to investigate
the optimum acid concentration for the deposition of polyaniline. Polyaniline
was electropolymerized at 0.1, 0.3, 0.5, 1.0 and 1.5M HCl concentrations. The
dedoped polyaniline based 36  YX LiTaO3 SAW sensors were then exposed to
H2 gas, and the e¤ect of di¤erent acid concentrations on gas sensing were inves-
tigated.
To see the e¤ect of temperature on electropolymerization, the author used
two di¤erent temperatures; 0 C and 25 C. To maintain the temperature of
the electrolyte at 0 C, the solution was kept in ice bath during the whole
process. The experiment was conducted as described previously. For the 25 C,
the ice bath was removed and newly prepared solution with similar parameters
was used. At each temperature a set of voltages were applied as presented in
Table 5.1.
As for the polyaniline prepared at di¤erent voltages (Table 5.2), the temper-
ature was kept at 25 C. Five di¤erent voltages were applied on ITO glasses.
The polyaniline nanobers were electropolymerized for 7mins and then left to
dry at room temperature.
The optical property of both types of deposited polyaniline were investigated
and will be presented in the next chapter.
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Table 5.1: The prepared polyaniline samples under given sets of voltages, time
and temperatures.
Sample prepared V1 (time, min) V2 (time, min) Temperature ( C)
1 0.75V (5) 0.65V (25) 25
2 0.65V (5) 0.55V (95) 25
3 0.75V (5) 0.65V (25) 0
4 0.65V (5) 0.55V (95) 0
Table 5.2: The prepared electropolymerized polyaniline nanobers on ITO
glasses at di¤erent voltages
Sample prepared Voltage (V)
1 3.0
2 3.5
3 4.0
4 4.5
5 5
Several reports on polyaniline reveal that di¤erent morphology of polyaniline
can be obtained when di¤erent types of acids are used. To investigate this, the
author conducted an experiment using HNO3 as electrolyte. Similar setup was
used in depositing polyaniline nanobers directly onto SAW transducers except
1M of HCl that was replaced by 1M HNO3.
The nanostructural characterizations of the deposited lms will be presented
in chapter 6 and the gas sensing performances in chapter 7.
5.3.3 Electropolymerization of Polyaniline/Multiwall Car-
bon Nanotube
The dispersion of carbon nanotubes (CNTs) into a polyaniline matrix for the fab-
rication polyaniline/CNTs composite has stimulated signicant interest among
researchers. Recently, Zengin et al. [214] have reported that aniline could be
utilized to functionalize and solubilize CNTs via the formation of donor-acceptor
complexes. The method of dissolving multiwall carbon nanotubes (MWNTs) in
aniline has been studied by Guo et al. [88] and their results suggested that no
damage had occured to MWNTs during the preparation process. However, no
report was found to show the application of this method for the fabrication of
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polyaniline/CNTs composite as a gas sensitive layer. Therefore, the author used
a similar method to Guo et al., and deposited the composite directly onto the
SAW transducers.
MWNTs with an outer diameter of 20 - 50nm and length of 0.5 - 2m were
purchased from Aldrich and used as received without further purication. In
the early attempt of synthesizing polyaniline/MWNTs composite, rstly 4% wt
of MWNTs were added in a vial containing DI water. The mixture was ultra-
sonicated for 90mins in order to obtain good dispersion of MWNTs. Later,
the mixture was added into aniline monomer solution before it was ltered. A
very homogeneous dispersion of MWNTs in aniline was observed at this stage.
However after adding 1M of HCl in 0.3M of ltered aniline/MWNTs, the agglom-
eration of MWNTs occured within few seconds. The observation was similar to
the observation of Sainz et al. [87], who suggested that the HCl had led to
the fall-out of small agglomerates, until all of the MWNTs settled down at the
bottom of the solution.
To improve the previous experiment, the author modied the method used
by Guo et al. [88] and Huang et al. [89]. In this attempt, 2% of MWNTs was
added into 2ml of aniline in a closed vial. The weight percentage of MWNTs was
measured with respect to aniline monomer solution. The mixture was heated in
a water bath for 11hrs. The temperature of the water bath was approximately
80 C. At the initial stage, the colour of the mixture was light brown, then it
changed to dark brown after a few hours of heating. The colour of the mixture
nally changed to dark red after 11hrs of heating. Guo et al. [88] and Huang
et al. [89] suggested that the dark red colour indicates that the MWNTs have
been dissolved in the aniline. It was also observed that the undissolved MWNTs
settled down at the bottom of the solution.
For electropolymerization, 0.3M of aniline containing MWNTs was mixed
in 1M HCl and used as the electrolyte. The mixture of aniline and MWNTs
was taken from top of the solution. The IDTs of SAW device were used as
the working electrode, while a platinum sheet was used as the counter elec-
trode. A 15min deposition was conducted at 0.75V. The sensing performance
of polyaniline/MWNTs composite based SAW sensors was investigated. The
nanostructural characterizations will be presented in chapter 6 and the gas sens-
ing performance in chapter 7.
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5.3.4 Chemical Polymerization of Polyaniline/Diamond
Nanoparticles
Chemical polymerization of polyaniline is generally conducted using aniline mo-
nomer, strong acid dopant and an oxidant. Using this method, polyaniline
nanobers/metal oxide composites [61,77-78] were synthesized and used as the
sensitive layers in gas sensing application. This combination has shown promising
results towards H2, NO2 and CO. For this study, novel polyaniline nanobers/dia-
mond nanoparticles composite were synthesized using similar method. Am-
monium persulfate (APS), aniline, camphor sulfonic acid (CSA) and diamond
nanoparticles of average part size 3.2nm were purchased from Aldrich. All were
used as received without further purication, except for aniline which was dis-
tilled prior its application. A dispersion of diamond nanoparticles was obtained
by adding a desired amount of diamond nanoparticles in 20ml of 1.0M CSA
solution while sonicating the mixture. The 3mmol of aniline was then added
into the dispersion of diamond nanoparticles under constant sonication. APS
(0.75mmol) was rapidly mixed to the above solution at room temperature and
the resulting solution was stirred continuously for an hour. The product was
washed 4 times with DI water.
The whole area of the SAW transducer was coated with CSA doped polyani-
line/diamond nanobers by drop-casting and then left to dry at room tempera-
ture.
The author characterized the aforementioned composite using methods such
as SEM and XRD. The characterization results will be presented in chapter 6.
The developed polyaniline/diamond nanoparticles based SAW sensors then were
exposed to H2 gas. The gas sensing performance will be presented in chapter 7.
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5.4 Synthesis of Polyvinylpyrrolidone Fibres and
Its Composites
5.4.1 Electrospinning of Polyvinylpyrrolidone (PVP) Fi-
bres
Over the past decade, electrospinning has grown from a small niche process to a
widely used bre formation technique. It only required a relatively simple set-up
as shown in Fig. 5.3. The set-up for electrospinning consists of three major
parts: a spinneret (a metallic needle), a collector (eg: whole area of the SAW
transducer) and a high voltage power supply.
The author prepared the PVP solution by dissolving the PVP powder in DI
water. The mixture was kept in a closed vial and stirred continuously for few
hours until the PVP powder totally dissolved in DI water. The mixture was then
left unstirred to let bubbles produced during the stirring process dissapeared as
the existence of bubbles might cause the discontinuity in the produced bres
during the electrospinning process. The prepared PVP solution was poured
in a glass syringe with a metallic needle attached at one end. The applied
voltage was kept constant at 12 kV and the distance was varied between 5.5 to
11.5 cm. During the electrospinning, the PVP solution produces jets that travel
further before the rst bending instability, which is caused by the electrical forces,
appears. The droplet of the PVP solution was supported at the tip of the metallic
needle. Then liquid jets were formed on the surface of the droplet. The high
electrical potential di¤erence between the metallic needle and the collector causes
the electrical eld to charge the surface of the liquid. Therefore, the migration
of ions were induced through the liquid. When the potential di¤erence is high
enough, the electrical forces overcome the forces associated with the surface
tension, causing the instability of the droplet. The charged liquid then transfers
the charge to the collector, and thereby completes the electrical circuit.
For this experiment, the author used a SAW transducer as a collector. The
SAW transducer was located on the grounded base. The transducer pads were
covered using teon tape to ensure that the electrospun bres were only deposited
onto the area that shown in Fig. 3.7.
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Figure 5.3: The schematic illustration of the set-up for electrospinning.
The characterization results of the PVP formation on the collector will be
provided in the next chapter.
For electrospinning, viscosity of the solution is crucial in obtaining the de-
sired bers. In this research, the author investigated the e¤ect of the di¤erent
weight percentage of PVP (Mw: 30000) on surface morphology and gas sensing
performance. Table 5.3 presents the details of the prepared PVP. For the char-
acterization purposes, silicon substrate was used as a collector. Whereas for gas
sensing purposes, the whole area of SAW transducer was used as a collector with
a distance of 8.5 cm. Referring to the characterization results in chapter 6, this
distance showed better deposition rate and morphology than any other distance
for either PVP particles or PVP bres. All substrates were cleaned prior to the
deposition of the electrospun PVP. The details of the cleaning process are similar
to those presented in chapter 4. The results of the gas sensing experiments will
be presented in chapter 7.
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Table 5.3: The prepared PVP solution at di¤erent concentrations for electro-
spinning process.
PVP (g) DI Water (ml) wt %
1.4443 2.0 42
1.8462 2.0 48
2.0000 2.0 50
2.1667 2.0 52
2.3478 2.0 54
2.5455 2.0 56
2.7620 2.0 58
5.4.2 Electrospinning of PVP/Polyaniline Composite
Polyaniline emeraldine salt (ES) and emeraldine base (EB) were purchased from
Aldrich and used without further purication. Due to hydrophobic nature of
polyaniline, either chloroform (ChCl3) or N-Methyl-2-pyrrolidone (NMP) were
mostly used for dissolving the polyaniline particles. Prior to the experiment, the
author had drop-casted solution of ES/ChCl3 and ES/NMP onto conductomet-
ric transducers and investigated their e¤ects towards gas sensing. The results
showed that NMP reduced the conductivity of the polyaniline emeraldine salt,
and possibly transformed it to the emeraldine base form. Therefore, ChCl3 was
used for dissolving polyaniline to maintain the conductivity.
The composite of ES (Mw = 15000) with PVP was prepared by the author
prior to the experiments. Firstly, the ES was mixed with ChCl3 and kept in a
closed vial. The mixture of ES/ChCl3 was stirred for 20hrs until the ES powder
dissolved in ChCl3. Then the solution was ltered using a 0.2m lter, hence
the undissolved ES could be removed. 0.9 g of the PVP powder was then mixed
into the 2ml of ltered solution and stirred continuously to dissolve the PVP.
Similar to the preparation of pure PVP, the mixture was then left unstirred until
all bubbles disappeared.
The author also prepared the composite of EB (Mw = 10000) with PVP.
By repeating the similar preparation processes as mentioned before, the mixture
of EB/ChCl3 was prepared. However, due to the lower Mw of EB compared
to ES, 1.0 g of PVP was added in the prepared solution and then kept stirred
continuously. Again, the mixture was left unstirred for few hours before the
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electrospinning experiments were conducted. The electrospinning experiments
were then conducted as described previously.
5.4.3 Electrospinning of PVP/ Multiwall Carbon Nan-
otubes Composite
The composite of PVP/MWNTs was prepared by adding PVP powder into the
dispersion of MWNTs. MWNTs with an outer diameter of 20 - 50nm and length
of 0.5 - 2m were purchased from Aldrich and used as received without further
purication. At rst, 5% wt of MWNTs was added in a vial containing 1.5ml
DI water. 0.5ml of ethanol was then added into the solution to obtain a good
dispersion of MWNTs. After that, 1.525 g of PVP was added into the mixture
and stirred continuously, resulting in the PVP and MWNTs being very well
dispersed. Then again the solution was left unstirred to ensure no bubbles in the
mixture that might e¤ect the electrospinning experiment. The electrospinning
experiments were then conducted as described previously.
The surface morphology and gas sensing performance of the PVP composites
will be presented in chapter 6 and 7, respectively.
5.5 Synthesis of Graphene-like Nano-sheets
A great deal of attention has been drawn recently to graphene due to its unique
electrical and mechanical properties. As a monoatomically thick two-dimensional
layer of sp2-bonded carbon, graphene can be considered as the basic building
block of many graphitic materials, arranging itself into large planar sheets with
repetitious benzene ring motif [46,50]. Graphene sheets are usually obtained by
mechanical exfoliation of highly oriented pyrolytic graphite e.g. using Scotch-
tapetechnique [50]. While simple to perform, this method is evidently di¢ cult
to employ for large-scale applications. Graphene can also be produced by the
reduction of SiC [215] and conversion from nanodiamond [113]. Unfortunately,
these methods have high associated production costs, making them unsuitable
for large-scale applications. Alternative methods for isolating single layers of
graphene include; exfoliation from graphite crystals [114], pyrolysis of camphor
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under reducing conditions [113], and thermal exfoliation of reduced GO into
single functionalized graphene sheets [216].
In this PhD research, the graphene-like nano-sheets were chemically synthe-
sized via the reduction of spray-coated graphite oxide (GO) with hydrazine [217].
Prof Richard Kaners group from UCLA, who is the collaborator of this work,
has synthesized GO using Hummers method. The GO was then dispersed in
water. The presence of oxygen-containing groups including carboxylic acid and
hydroxyl moieties in GO makes it readily exfoliatable upon sonication in water.
The device was preheated prior to spray coating with with GO. This step helped
to achieve a highly uniform deposition of GO on the device. The GO platelets
were freezed upon contacted with the device as the solvent ash evaporated.
Then the as-deposited GO device was placed in a ow cell and heated at 80 C
under owing helium gas. Hydrazine vapor was supplied via a bubbler to the
system to reduce GO to graphene.
It is believed that GO contains a number of carbonyl-containing oxygen func-
tionalities such as quinones. Since hydrazine can react with this moiety to form
hydrazone, the GO can be reduced by removing the oxygen [218]. Additionally,
further reduction of hydrazone can cause a deoxygenated sp2-carbon if it is sit-
uated adjacent to an epoxide [219]. Stankovich et al. [220] suggested another
possible mechanism for reducing GO by hydrazine. They believed that the ini-
tial derivative produced by the epoxide opening with hydrazine reacts further
via the formation of an aminoaziridine moiety. The moiety then would undergo
thermal elimination of diimide to form double bonds. Therefore, the reaction
might be further driven in GO by re-establishment of the conjugated graphene
network.
In this study, 36  YX LiTaO3 SAW transducers were used as the device
for spray coating the GO. The graphene-like nano-sheets/36  YX LiTaO3 SAW
sensors were characterized and the results will be presented in chapter 6. Sub-
sequently the sensing performance of the graphene-like nano-sheets/36  YX
LiTaO3 SAW sensors were investigated and the results will be presented in chap-
ter 7.
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5.6 Deposition of Antimony Oxide Nanostruc-
tures
To date, several synthesis methods have been used in synthesizing of 1D Sb2O3
nanostructures. Previous literature reported that 1D Sb2O3 nanoparticles have
been prepared using vapour condensation method [116], hydrolysis-precipitation
process [221], thermal oxidation method [222] and microemulsion method [120-
121]. It is shown that in thermal oxidation method, similar nanoparticles features
are obtained on di¤erent substrates [222]. Meanwhile, microemulsion methods
are able to synthesize both Sb2O3 nanorods [120] and nanoparticles [121]. Sb2O3
nanorods have also been produced by hydrothermal method [223], templating
carbon nanotubes [224] and vapour-solid synthetic route [117]. More than one
type of Sb2O3 nanomaterials, such as nanowires and nanobelts are formed us-
ing surfactant-assisted solvothermal method [118-123]. Recently, Deng et al.
[125] have reported that Sb2O3 nanowires with rectangular cross sections can be
obtained by direct oxidation of bulk metal antimony in a mixed solution of eth-
ylenediamine (EDA) and DI water. The synthesized nanowires are in the range
of 80-100nm in width and 60 - 80nm in thickness. Although many reports are
found on depositing Sb2O3 nanostructures, only few literature extended their ap-
plications as sensing layers. In this research, the author had employed a simple
thermal evaporation method to obtain Sb2O3 nanostructures. The deposition
of nanostructured Sb2O3 via this method is similar to the vapour-liquid-solid
(VLS) growth technique. Fig. 5.4 shows the principal steps of VLS technique.
VLS is one of the most popular methods which is used in growing nanostruc-
tured materials since its introduction by Wagner et al. [225] in 1964. Typically,
VLS process starts with the dissolution of gaseous reactants into nanosized liq-
uid droplets of a metal catalyst. This process is followed by the nucleation and
growth of single crystalline rods, and then the continual feeding of the vapour
elongates the nanorods.
In subsection 4.4, the author has mentioned langasite (LGS) as the sub-
strate for conductometric transducer. However, several experiments were con-
ducted on other bare substrates prior to the chosen of LGS. In these experiments,
Sb2O3 nanostructures were synthesized on di¤erent substrates; LGS, silicon (Si),
LiTaO3 and LiNbO3. To grow the Sb2O3 nanostructures, thermal evaporation
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method was used. Fig 5.5 shows the schematic diagram of the experimental
setup for growth of antimony oxide.
Figure 5.4: The schematic illustration of principle steps for the VLS growth
technique: from initial nucleation to continual growth.
Figure 5.5: Schematic diagram of experimental apparatus for growth of Sb2O3
nanostructures by thermal exaporation method.
Prior to the deposition, the substrates were cleaned using the same method
of subsection 4.2.1. This was important to minimize the existence of unknown
particles on the substrates that might a¤ect the deposition. After that the sub-
strates were coated with Au (thickness of 60nm). Au had earned its reputation
as an outstanding catalyst in nanotechnology and in gas sensing performances
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[226-227]. Sb2O3 powder was used as the source and loaded on an alumina boat
and then placed in an 18.5mm diameter quartz tube in a horizontal furnace. The
substrates were then located 2 cm, 4 cm and 6 cm from the powder downstream
in the quartz tube. To investigate at which temperature the Sb2O3 nanostruc-
tured could grow, the experiments were conducted at di¤erent temperatures.
The furnace was then rapidly heated to the required operating temperature and
held at this temperature for 2hrs. A mixture of 90% argon and 10% oxygen was
own into this containment area and used as carrier medium at a constant ow
rate during the heating process.
Afterwards, the experiment was repeated on LGS based conductometric tran-
ducers for gas sensing measurement using the successive parameters. The char-
acterization and gas sensing performance results will be presented in chapter 6
and 7, respectively.
5.7 Summary
In this chapter, the syntheses steps of the nanostructured materials (polyaniline,
PVP, graphene and Sb2O3) deposited on SAW and conductometric transducers
have been outlined. The author also provided the details of the bottom-up and
top-down approaches.
In this PhD research, the author had successfully depositing the nanostruc-
tured polyaniline and its composites, PVP and its composites, graphene and
Sb2O3 onto the fabricated transducers to develop novel sensors. The electropoly-
merization technique was conducted to obtain polyaniline nanobers which were
deposited directly onto the proposed area of LiTaO3 SAW transducers. The au-
thor also synthesized polyaniline nanobers thin lms with di¤erent thicknesses,
electropolymerized polyaniline nanobers using di¤erent HCl concentrations and
di¤erent acids. Via electrospinning method, the author deposited PVP bres
with di¤erent concentrations, PVP/polyaniline, and PVP/MWNTs composites
onto SAW transducers. Whereas for deposition of graphene, the chemical re-
duction of GO method was used. For Sb2O3 deposition, the author employed
thermal evaporation technique to obtain nanostructures of Sb2O3.
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In the following chapter, the characterization of synthesized nanostructured
materials will be presented. Understanding the characterization of the fabri-
cated materials is highly important as it will help in realizing the gas sensing
performance, which will be presented in chapter 7.
Chapter 6
Micro-nano Characterization
Methods and Results
6.1 Introduction
In chapter 4, the author presented the fabrication of the SAW and conducto-
metric transducers that were utilized to deposit the gas sensitive nanotructured
materials. It was then followed by the synthesis and deposition of nanostructured
materials, which was presented in chapter 5.
The synthesized nanostructured materials were then characterized to obtain
more understanding on the materialsphysical and chemical properties. Further-
more, through these characterizations, the gas sensing performance behaviour
could be anticipated or envisaged.
Apart from the introduction section, this chapter is divided into three sec-
tions. In section 6.2, the author introduces several techniques that are commonly
used for material characterizations. These techniques include Scanning Electron
Microscopy (SEM), X-Ray Di¤raction (XRD), Atomic Force Microscopy (AFM),
X-Ray Photoelectron Spectroscopy (XPS), Energy Dispersion X-Ray (EDX),
and Raman Spectroscopy analyses. Section 6.3 details the characterizations of
the synthesized materials. This section is divided into four main subsections,
which are characterizations of polyaniline, PVP, graphene, and Sb2O3. Finally
in section 6.4, the summary of the ndings are presented.
90
6. Micro-nano Characterization Methods and Results 91
6.2 Micro-nano Characterisation Techniques
6.2.1 Scanning Electron Microscopy (SEM)
The SEM is the most routinely used instrument for the characterization of de-
posited nanomaterials. As it is designed for direct studying of the surfaces of
solid objects, SEM provides morphology and structural information of the ma-
terials in nanoscale resolution by scanning an electron beam across a sample,
and collecting signals from the beam-surface interaction. In this PhD study, the
author investigated the surface morphology of the deposited nanostructured ma-
terials using FEI NovaNano SEM provided by the Physics Department, RMIT.
These SEM images helped the author to understand the interaction between the
sensing layer and the analyte gas. This is due to the fact that the sensitivity is
strongly dependant on the surface morphology. Therefore information obtained
via SEM was related to the response of the sensors.
Fig 6.1 shows the schematic diagram of an SEM set-up. A stream of electron
is emitted from a heated lament (commonly a tungsten), either by applying a
voltage or via eld emission [33]. The stream is then condensed by the condenser
lens forming the beam and limiting the current of the beam. In conjunction with
condenser aperture, condenser lens then eliminate some high-angle electrons.
The second condenser focuses the beam of electrons. Subsequently, the objective
aperture further eliminates high angle electrons from the beam, and scans over
the sample by scanning coils. The nal lens then focuses the scanning beam onto
the desired area of the sample.
The samples placed in the SEM chamber must be either conducting or coated
with a thin metal layer to avoid electric charging. For this purpose, the author
normally sputtered the samples with a thin lm of gold. Moreover, the scanning
was conducted in a low pressure to ensure the electrons were not scattered by
gas molecules in SEM chamber. The details of the SEM investigation results
will be presented in later part of this chapter.
6.2.2 X-Ray Di¤raction (XRD)
The XRD is employed for the identication and quantication of various crys-
talline phases present in solid materials and powders [33]. In this research,
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Figure 6.1: Schematic diagram of an SEM set-up.
the author used XRD for the determination of the structural properties of the
nanostructured sensing materials. The crystal structure, and size of grains and
nanoparticles can also be determined using this method. When a beam of X-rays
incident on a crystal, a proportion of the X-rays is di¤racted to produce a pat-
tern. The di¤racted pattern of the crystal phases can be identied by comparing
to the reference patterns.
A set of parallel crystal planes is represented by the horizontal lines in Fig.
6.2. An incident beam of monochromatic X-rays of wavelength  strikes this set
of planes at a certain angle, the di¤racted wave beam are produced leaving the
various plane. The di¤racted wave pattern can be either in phase or not, there-
fore either destructive or constructive interference can occur. Each di¤racted
X-ray signal corresponds to a coherent reection which is known as Bragg reec-
tion. The relation between the interplanar spacing and the incident rays can be
described as:
n = 2d sin  (6.1)
where n = 1; 2; 3; ::: is the order of di¤raction,  is the X-rays wavelength, d
is the interplanar spacing of the the crystal planes and  is the incident angle.
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Figure 6.2: The reection of an X-ray beam by lattice planes in a crystal [31].
In most cases, the rst order of di¤raction where n = 1 is used, therefore the
Braggs law is written as:
 = 2d sin  (6.2)
In this PhD research, the crystalline phases of the synthesized nanostructured
materials were examined by a wide angle XRD (PW1820, Philips) with a Cu-K
source. The intensity of the di¤racted X-rays was measured and recorded as a
function of the di¤racted angle 2 and the specimens orientation. Detail results
of XRD investigation of the nanomaterials will be given in later parts of this
chapter.
6.2.3 Atomic Force Microscopy (AFM)
The AFM has become the most widely used form of scanning probe microscopy
since its invention by Binnig, Quate and Gerber in 1986 [228]. It is one of
the most applied tools for imaging, measuring and manipulating matters at
nanoscale. It gathers 3D information about the scanned sample by probing the
surface structure with a sharp and vibrating tip. As the tip scans across, the
vertical movements of the tip are recorded. Unlike SEM, AFM does not require
special treatment (such as metal coating) for viewing purposes that can likely
change or damage the samples. The tip is usually found at one end of AFM
microscale cantilever. Forces between the tip and the surface sample cause the
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cantilever to bend and deect. By measuring the cantilevers deection, forces
are calculated using Hookes law which can be written as:
F =  kz (6.3)
where F is the force, k is the sti¤ness of the cantilever and z is the distance
when the lever is bent.
In this research, the AFM characterization was conducted in collaboration
with Prof Kaners group at UCLA to investigate the deposited graphene layers.
The details of the AFM results will be presented later parts of this chapter.
6.2.4 Energy Dispersion X-Ray (EDX)
The EDX is an analytical technique used for identifying the elemental composi-
tion of specimen. The EDX system cannot operate on its own and it works as
an integrated feature of SEM equipments.
During the EDX analysis, the specimen is bombarded with an electron beam
inside the SEM. The bombarding electrons collide with the electrons of the spec-
imen atom, knockingthem out of their orbits. The vacated positions are then
replaced by electrons from outer shells. However, this event only occurs if the
outer electrons release some of their energies by emitting X-rays.
From the emitted X-rays, the identity of the atoms can be established. This
can be carried out by measuring the amount of energy presents in the X-rays
being released by specimen during the electron beam bombardment. Further-
more, the amount of energy released by the transferred electrons depends on
which shell it is transferred from, as well as which shell it is transferred to. The
atoms of every element release X-rays of unique amount during the transferring
process.
The EDX spectrum is a plot on how frequently X-rays of special wavelengths
are received for each energy levels. It displays peaks corresponding to these
energy levels. These peaks are unique to individual atoms, hence corresponds to
single elements.
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6.2.5 Raman Spectroscopy
Raman spectroscopy is a popular characterization technique for monitoring the
intensity and wavelength of light that is scattered inelastically from molecules
or crystals. The Raman e¤ect occurs when light strikes molecules and interacts
with the electrons of the bonds of those molecules. Subsequently, the inelastic
or Raman scattering occurs and the wavelength of the scattered light is shifted
with respect to the wavelength of incident light. The change in its wavelength
is determined by analyzing the spectrum of the scattered light.
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Figure 6.3: Representation of Raman scattering from particles [31].
For a Raman spectrum, the wavelength numbers of Raman shifts are plot-
ted versus their respective intensities, which are generated from the interaction
between photons and molecular vibrations (phonons in a crystal) [229]. These
phonon modes are related to the chemical bondings, therefore Raman spectrum
may provide information of which molecules or defects can be identied.
The Raman characterizations for this PhD study were conducted in Microan-
alytical Research Centre, University of Melbourne. Raman spectrum results for
the deposited nanostructured materials will be presented later in this chapter.
6.2.6 X-Ray Photoelectron Spectroscopy (XPS)
For this PhD research, the chemical bonding arises from the deposited sensitive
layers were investigated using XPS with the help of Prof. Johan du Plesis at
RMIT University.
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The XPS is usually utilized to measure the chemical and electronic states,
elemental compositions, and assess the empirical formula of the elements that
exist within a material. The samples or materials are irridiated with a beam
of aluminium or magnesium X-rays, and the kinetic and the escape numbers
of electrons of the analyzed materials are measured. As the XPS is based on
the photoelectric e¤ect, the source of the X-rays causes the photoelectron to be
ejected from a surface. Generally, the X-rays are the K emission either from
aluminium (K = 11486.58 eV) or magnesium (K = 1253.56 eV). The X-rays hit
the surface of the sample and interact with the atomic electrons in the sample,
mainly via photon absorption, therefore causing the ejection of photoelectron.
The kinetic energies and the number of the ejected photoelectrons are plotted
as a spectrum of their binding energies.
6.3 Micro-nano Characterizations Results
6.3.1 Analysis of Electropolymerized Polyaniline Nano-
bers
The FE-SEM images in Fig. 6.5 to 6.6 reveal that the electropolymerized
polyaniline nanobers are grown densely and uniformly on the SAW transduc-
ers. It is also seen that the nanobers formed 3-dimensional porous structures
which are connected together in a network. The diameters of the nanobers
are in a range of 40-50nm. It is found that no morphology change occurs on
polyaniline nanobers before and after dedoping with NaOH, which is similar to
the observations reported by Huang et al. [73].
A current-time curve for the electropolymerization of polyaniline nanobers
is given in Fig. 6.4. Stage 1 occurs when a voltage of 0.75V was applied to the
system. Once the voltage was given, the current decreases as shown in stage
2. This was attributed to the formation of the uniform polyaniline nucleation
through the radical-coupling polymerization. In the radical-coupling polymer-
ization, the current was controlled by the di¤usion of aniline, therefore the drop
in current was observed [230]. After the initial decrease, the anodic current rises
with the time. It is proposed that the elongation of nucleation occurs during this
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Figure 6.4: A current-time curve for the electropolymerization of polyaniline
nanobers.
time, therefore the surface becomes more conducting causing decrease in resis-
tance. At this stage, the anodic current continuously increases. Afterwards, the
voltage was reduced to 0.65V. The current falls as in stage 4. During this time
the voltage was reduced to guarantee that the growth of the nanobers from the
nucleation sites proceeds steadily [37]. Then, again the current increases which
is similar to stage 3. In stage 6, it was observed that the current started to
stabilize. Highly ordered pore structures can be obtained under the equilibrium
conditions [231]. Therefore at this stage, highly ordered bre-like structure of
polyaniline is clearly formed.
Fig. 6.5 shows the surface morphology obtained after the second electropoly-
merization step. Similar to the investigation by Liu et al. [211] and Yu et
al. [37], higher voltage formed homogeneous distribution of nucleation particles
which acted as a sca¤old for the secondary growth. [37] suggested that by ap-
plying high voltage for a short time, the overgrowing of the nucleation particles
is prevented. The lower voltage of 0.65V was then applied to ensure that the
growth proceeded steadily. At this point, polyaniline nanobers started to grow
perpendicularly from the basis of the nucleation sites and the morphology which
is observed in Fig. 6.6 was obtained.
In Fig 6.6, it is observed the insulated gap (on the right side) was bridged,
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Figure 6.5: Electropolymerized polyaniline deposited for 6min.
Figure 6.6: Electropolymerized polyaniline deposited for 35min.
showing gradual polyaniline nanobers growth between the electrodes [137,232].
The resistance of either input or output IDTs was measured before the elec-
tropolymerization and showed open circuit. This indicates that the electrodes
were perfectly separated by gaps. The resistance was dramatically decreased
to 34
 after electropolymerization, conrming that the neighbouring electrodes
were bridged by polyaniline nanobers. In this study, the author deposited var-
ious thicknesses of polyaniline nanobers thin lms. By using prolometer, the
thickness of polyaniline nanobers thin lms was measured and presented in Ta-
ble 6.1, as a function of the deposition time. In the following chapter, the author
will present the e¤ects of the lm thickness on gas sensing performance.
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Table 6.1: The lm thickness of electropolymerized polyaniline nanobers as a
function of the di¤erent deposition time.
SAW Deposition Time (min) Thickness (m)
0.75V 0.65V (less than 15% error)
SAW A 5 40 7.0
SAW B 5 25 3.5
SAW C 5 15 1.0
SAW D 5 2 0.3
SAW E 5 0 0.2
Electropolymerization at Di¤erent Temperatures
For the optical characterization purposes, polyaniline nanobers were deposited
onto ITO glass. Three deposition parameters were investigated while the other
parameters were remained the same. First, the author performed UV-Vis absorp-
tion spectra measurements using Ocean Optic HR4000CG-UV-NIR High Reso-
lution Spectrometer and investigated the deposition temperature e¤ect. Fig. 6.7
compares the curves obtained for polyaniline deposited on ITO glass substrates
under the sets of conditions that was given in Table 5.1.
Figure 6.7: UV-visible absorption spectra of polyaniline nanobers deposited on
ITO glass at di¤erent temperatures.
In. Fig. 6.7, the two absorbance bands at around 400 and 825nm are prob-
ably characteristics of polaronic charge carriers for polyaniline. The increased
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absorbance is indicative of the control growth process. Changing the tempera-
ture from room temperature to the one close to ice bath while keeping the poly-
merizing potential constant. The change in temperature is found to increase the
absorbance, justifying the fact that the temperature does inuence the formation
of nanobers. This result was published in Proc. Device and Process Technolo-
gies for Microelectronics, MEMS, Photonics, and Nanotechnology, SPIE, vol.
6800, 2007.
Electropolymerization at Di¤erent Voltages
For the electropolymerization of polyaniline of di¤erent voltages (Fig. 6.8), the
UV-Vis absorption spectra measurements show that two adsorption peaks cen-
tred at 410 and 720nm are found for all voltages (except for 0.65V where the
peak is small). This revealed that the deposition of electropolymerized polyani-
line nanobers with high voltage increases the thickness of the lms, therefore,
the intensity of absorption peak increases as the voltage increases.
Figure 6.8: UV-visible absorption spectra of polyaniline nanobers deposited on
ITO glass electropolymerized at di¤erent voltages.
Electropolymerization with Di¤erent Acid Concentrations
SEM images in Fig. 6.9 show the electropolymerized polyaniline at di¤erent acid
concentrations. Image of the polyaniline nanobers in Fig. 6.9(a) is similar to
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the previous gure (Fig. 6.6).
Figure 6.9: SEM images of electropolymerized polyaniline at di¤erent acid con-
centrations; (a) 1.0M HCl, (b) 0.5M HCl, (c) 0.3M HCl, and (d) 0.1M HCl.
In Fig. 6.9(b), short nanobers are observed grown on the top of each
other. The width of the nanobers are in the range of 50 to 150nm which were
larger than the nanobers obtained when using 1.0M HCl in the electrolyte. For
the polyaniline obtained during electropolymerization in 0.3M HCl, the surface
morphology of the polyaniline is shown in Fig. 6.9(c). From this image, less
nanobers are observed as compared to that of 1.0M HCl. The diameter of the
nanobers are in the range of 40 to 70nm with lengths from 100 to 650nm.
Apart from the nanobers, polyaniline nanoparticles are also found distributed
evenly on the surface with average diameter of 50nm. The author also conducted
electropolymerization experiment using 0.1M HCl electrolyte (Fig. 6.9(d)). The
image only contains nanoparticles with diameters in the range of 20 to 150nm.
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As seen from the SEM images, the rate of polyaniline growth increases with in-
creasing HCl concentrations. This observation is similar to the results obtained
by Pournaghi-Azar and Habibi [233] who conducted experiments on polyaniline
using various concentrations of H2SO4.
Polyaniline requires 50% of the nitrogen to be protonated to form emeraldine
salt. Low concentration of HCl means less H+ available for protonating the
nitrogen. Based on visual observations, di¤erent colours of polyaniline were
observed because the di¤erent oxidation states of polyaniline were formed. The
UV-Vis absorption spectra measurement (Fig. 6.10) compares the absorption
of polyaniline nanobers electropolymerized at di¤erent HCl concentrations. At
the absorption range of 650 to 910nm, the low concentration of HCl causes the
peak wavelength gradually shifts to the longer wavelengths. On the other hand,
in the very low concentration of HCl, the observed spectrum is di¤erent with
peak appearing at 410nm. While for other spectra, two peaks centred upon
390 and 800nm were observed, only one peak was found for 0.1M spectrum.
Figure 6.10: UV-visible absorption spectra of polyaniline nanobers deposited
on ITO, electropolymerized with di¤erent acid concentrations.
In the following chapter, the author will present the gas sensing properties
for the electropolymerized polyaniline nanobers synthesized with di¤erent acid
concentrations. The gas sensing performance of lms deposited with di¤erent
acid concentrations were investigated and will be discussed in chapter 7.
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Electropolymerization with Di¤erent Type of Acids - Nitric Acid
Fig. 6.11 shows the electropolymerized HNO3 doped polyaniline nanobers.
From the SEM image, the average diameter of polyaniline nanobers is about 30
- 50nm, whereas it was about 40 - 50nm when HCl was used as the electrolyte
during electropolymerization (refer to Fig. 6.6). The nanobers which were
grown in HNO3 medium had random directions, and were not as ordered as HCl
polyaniline. The EDX spectra (Fig. 6.12) revealed the existance of Cl when HCl
dopant acid was used. However the Cl peak does not appear when the HNO3
doped polyaniline nanobers were characterized using EDX. Instead, N peak is
more obvious than that of HCl doped polyaniline nanobers.
Figure 6.11: Electropolymerized polyaniline nanobers using electrolyte contain-
ing HNO3 and aniline monomer.
It is observed that the use of di¤erent anions in electrolyte a¤ected the mor-
phology of the polyaniline. Taking into account the conguration of the investi-
gated anions, it is obvious that two di¤erent species are involved. HCl contains
Cl  anion whereas the HNO3 contains oxygen atoms in a trigonal valence state
[234]. Therefore it is expected that the anions structure might inuence the
morphology of the electropolymerized polyaniline. It is suggested that anions
like Cl  can be easily accommodated as a counter-ion along the polymer chain.
While for HNO3, more room is required to accomodate NO 3 as a counter-ion,
thus might cause a higher degree of polymer chain branching. This is probably
attributed to the better ordered morphology for the nanobers formed in HCl
medium compared to the HNO3 medium polyaniline nanobers.
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Figure 6.12: EDX spectra for HCl and HNO3 media electropolymerized polyani-
line.
6.3.2 Analysis of Electropolymerized Polyaniline Nano-
bers/ MWNTs Composite
In previous chapter, the author described the synthesis of electropolymerized
polyaniline/MWNTs composite on SAW transducers. SEM was utilized to ex-
amine the surface morphology of the deposited composite. Fig. 6.13 shows
the image obtained from the composite materials. The polyaniline/MWNTs
composite shows compact bres structure compared to the electropolymerized
polyaniline itself (inset Fig. 6.13). The average bres diameter of polyani-
line/MWNTs composite was 50nm.
Figure 6.13: SEM image of electropolymerized polyaniline/MWNT composite.
Inset gure is the SEM image of electropolymerized polyaniline.
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It is anticipated that the existence of MWNT in polyaniline chain increases
the electrical conductivity [88,235]. Resistance of either input or output IDTs
after the electropolymerization of pure polyaniline is 5.5x103
, whereas the resis-
tance of electropolymerized PANI/MWNTs is 40
. The enhanced conductivity
is probably due to the dopant e¤ect or charge transfer from the quinoid unit of
polyaniline to the carbon nanotubes [214]. Polyaniline can be considered as a
good electron donor while CNT is a good electron acceptor. Besides, the large
aspect ratio and surface area of MWNTs may served as conducting bridges, con-
necting polyaniline conducting domains and increasing the e¤ective percolation
[214,236]. In addition, the enhancement in conductivity probably attributed to
the e¤ectiveness of electron delocalization that is increased by the interaction
between MWNTs and polyaniline [83]. The gas sensing measurements of the
developed polyaniline/MWNTs SAW sensors were conducted to H2 gas. The
obtained results will be presented in the next chapter.
6.3.3 Analysis of Chemically Polymerized Polyaniline Na-
nobers/ Diamond Nanoparticles Composite
The morphology of nanocomposite structure was studied using SEM as shown
in Fig. 6.14. It is observed that polyaniline and diamond form nanobers and
clusters of coral-like structures, respectively, and are connected together in a
network. The average diameter of nanobers is 50nm.
Figure 6.14: SEM image of the polyaniline/diamond nanobers.
The X-ray di¤raction pattern of the dropcasted layer is shown in Fig. 6.15
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where broad peaks are observed at 16  and 44 . The second di¤raction peak
from the nanocomposite sample is matched to the peak from the pure stan-
dard diamond, signifying the presence of diamond particles in the CSA doped
polyaniline/diamond lm.
Figure 6.15: XRD pattern of the polyaniline/diamond nanobers.
6.3.4 Analysis of Electrospin Coated PVP Fibres
As mentioned previously in chapter 5, viscosity of the solution is one of the
most important factors inuencing electrospinning. Generally, the morphologies
and the diameters of the electrospin coated bres change correspondingly as
the concentration varies. Di¤erent concentrations of PVP (Mw = 30000) were
electrospun (refer Table 5.3) on silicon substrates. The substrates were cleaned
prior to the deposition of the electrospun PVP. The details of the cleaning process
were presented in chapter 4. The preparation of the di¤erent concentrations of
PVP solution was explained in details in previous chapter. Fig. 6.16 shows
the selected SEM images which depict the e¤ect of the PVP viscosity on the
morphological appearance of lms. Whereas Fig. 6.17 shows the diameters of
the particles, beads and bres for every PVP concentrations.
For the lowest concentration of PVP (42%) which is shown in Fig. 6.16(a),
only particles with diameter of 0.2 to 1.5m are observed. There are no bres
which are formed at this concentration. Then at the PVP concentration of 48%
(Fig. 6.16(b)), the bres with large orbicular beads appear. The thickness of the
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(a) 42% (b) 48%
(c) 50% (e) 52%
(d) 56% (f) 58%
Figure 6.16: SEM images of electrospin coated PVP on silicon substrates, pre-
pared at di¤erent PVP concentrations.
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Figure 6.17: Diameter distribution of PVP at di¤erent concentrations.
bres are varied from 90 to 400nm. Here, the similar particles as in the 42%
electrospun lms are observed. With the increase of PVP concentrations, the
number of the particles are reduced and most of the bres have spindly beads.
The diameter of the beads decrease with the increase of the PVP concentra-
tions. The formation of the beads can be related to the formation of droplets
in electrospray. The presence of the combination of beads and bres has been
reported by Fong et al. [237]. They suggested that the surface tension and the
viscoelastic properties of the polymer solution are among the key factors in elec-
trospinning process. Further increase in the solution concentrations cause the
beads to totally disappear. At 58% concentration of PVP, the electrospun PVP
bres are formed. The width of the bres are in the range of 100 to 600nm. The
increased viscosity enabled the charged jet to totally withstand the coulombic
streching force, therefore resulting in the observed bres.
As mentioned previously, there were three di¤erents morphologies observed:
particles, beads, and bres. The dimensions of these morphologies were measured
using Image J software. For each spinning condition, at least 100 measurements
for each gure was obtained. In Fig. 6.17, although bres were found at 45% and
50% concentrations of PVP, the author has removed their e¤ects from the graph
as the number was insignicant. For the particles observed at PVP concentration
of 42%, 48% and 50%, the diameter range was increased as the concentration
increased. In addition to that, the 56% viscosity polymer was observed to have
smaller range of length and thickness for beads and bers. However at this point,
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less bres were observed. The content of solution was nally tranformed totally
to bre through electrospinning at 58% concentration.
The e¤ect of the distance between the tip of the needle and ground collec-
tor during electrospinning process was investigated. To examine the e¤ect, the
experiments were conducted with two di¤erent concentrations; 42% and 58%
PVP solutions under 12 kV. Three di¤erent collection distances of; 5.5, 8.5 and
11.5 cm were chosen. The morphology of the bres and particles were investi-
gated via SEM and Image J software. Obviously, the morphology of the as-spun
bres which are shown in Fig. 6.20(a), (b) and (c) are similar. However, it has
impacted on the thickness of the bres and also the deposition rate during elec-
trospinning. Fig 6.18 reveals the number of bres formed at each distances. The
shortest distance has the highest number of bers showing the highest deposition
rate. The number of the bres decreases as the distance increases. Histrograms
in Fig 6.20 reveal that the bres formed at 5.5 cm collector distance tend to be
thicker than the other distances. Apparently, at the distance of 8.5 and 11.5 cm,
majority of the bres have a thickness of about 300 to 400nm. However, far
collection distances result in less quantity of bres.
Figure 6.18: Distributions of PVP (concentration of 58%) bers at di¤erent
collection distances.
This impact occurs equally on the other PVP solution (42%). The distri-
bution of the electrospun particles were much closer as the distance decreases.
Too close collection distance causes the solvent not to evaporate thoroughly be-
fore reaching the target, therefore the solvent remains and the collected particles
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Figure 6.19: Distributions of PVP (concentration of 42%) bers at di¤erent
collection distances.
re-dissolve and conglutinate. Fig 6.19 reveals the number of bres formed at
each distances for the 42% of PVP. Fig. 6.21(a), (b) and (c) show the images of
electrospun PVP at di¤erent collection distances whereas the histograms in Fig.
6.21 show the subsequent results of di¤erent collection distances for 42% PVP
concentration.
The author investigated the e¤ect of the PVP morphologies and utilized the
electrospun PVP as sensitive layers for gas sensing. The details of the gas sensing
performance for PVP/LiTaO3 SAW sensors will be presented in the following
chapter.
6.3.5 Analysis of PVP/Polyaniline Fibres
In chapter 5, the author described the electrospinning of PVP/ES and PVP/EB
composites on the whole area of LiTaO3 SAW transducers. For the characteriza-
tion purposes, the author also electrospun both composites on silicon substrates.
The SEM was used for investigating the surface morphology of the electrospun
composites, and the obtained images are shown in Fig. 6.22 and 6.23 for PVP/ES
and PVP/EB composites, respectively.
It is observed that both composites show similar surface morphologies which
are bres and beads. By using Image J software, the width of the bres are
measured to be in the range of 50 to 650nm. It is observed that the electrospun
6. Micro-nano Characterization Methods and Results 111
(a) 5.5 cm Fibers thickness at 5.5 cm
(b) 8.5 cm Fibers thickness at 8.5 cm
(c) 11.5 cm Fibers thickness at 11.5 cm
Figure 6.20: SEM images of electrospun 58% collection distances. On the right,
the subsequent bres thickness histograms are presented.
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(a) 5.5 cm
No particles formed
(b) 8.5 cm Particles diameters at 8.5 cm
(c) 11.5 cm Particles diameter at 11.5 cm
Figure 6.21: SEM images of electrospun 42% PVP concentrations at di¤erent
collection distances. On the right, the subsequent particles diameter histograms
are presented.
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Figure 6.22: SEM images of PVP/ES composite, inset gure shows the higher
magnication image.
Figure 6.23: SEM images of PVP/EB composite, inset gure shows the higher
magnication image.
bres are in random directions in planes parallel to the substrate. At this stage,
the author also found beads with diameters of up to 11.6m. The beads appear
due to the viscosity of the PVP/ES composite which is not high enough to
produce perfect bres during electrospinning. The e¤ect of the viscosity on
the electrospun morphology were discussed in the formation of pure PVP with
di¤erent concentrations.
Similar to PVP/ES composite, PVP/EB also produced bres and beads.
However, the width of the bres were in between 322 to 1000nm, which was
larger that PVP/ES bres. Whereas, the beads were found to be smaller than
the other composite.
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PVP is categorized as non-conducting polymer, while polyaniline is a con-
ducting polymer. In this PhD study, PVP/ES and PVP/EB composites were
electrospun on SAW transducers. It was expected that various SAW sensing
mechanisms, which were introduced in chapter 3, are involved during the expo-
sure of the PVP/ES and PVP/EB based sensors to H2 gas. The gas sensing
performance will be discussed in the next chapter.
6.3.6 Analysis of Electrospin Coated PVP/MWNTs Fi-
bres
The surface morphology of the electrospun PVP/MWNTs composite was inves-
tigated via SEM and are shown in Fig. 6.24 and 6.25. In Fig. 6.24, both bres
and beads are observed in random directions, in planes parallel to the substrate.
The average diameter of the bres are 250nm, while for the beads, the diameters
are between 500 to 1500nm. PVP is well known to prevent agglomeration of the
particles, resulting in stable size distribution. In Fig. 6.25, it is observed that
MWNTs are everywhere in the particles. Particles in Fig. 6.25 were obtained by
synthesizing the PVP/MWNTs via the same method with reduced PVP concen-
tration in the solution. Although no bres were observed, MWNTs are clearly
seen inside the PVP particles and distributed evenly in the particles.
Figure 6.24: SEM image of electrospun PVP/MWNTs composite (with 1.525g
PVP).
For the gas sensing applications, the author electrospun the PVP/MWNTs
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Figure 6.25: SEM image of electrospun PVP/MWNTs composite (with 1.025g
PVP).
composite onto the whole area of the SAW transducers. The gas sensing perfor-
mance will be presented in chapter 7.
6.3.7 Analysis of Graphene-like Nano-sheets
The chemically reduced graphite oxide forming graphene sheets were investi-
gated using several nano-characterization methods. SEM and AFM were used
to examine the surface morphology of the deposited graphene. In addition to
that, XPS and Raman spectroscopy were conducted in order to investigate the
chemical properties of the deposited sensitive layer.
It can be seen in Fig. 6.26 that the graphene-like sheets which are visible
as pale grey regions cover both metallized electrodes and substrate of the SAW
devices. However, it is observed that there are multiple layers of deposited
graphene. The AFM image which is shown in Fig. 6.27 depicts numbers of
graphene layers. It is estimated that the graphene-like sheets are monoatomically
thick.
Visible Raman spectroscopy is well established as a powerful tool for charac-
terizing graphene [238]. Fig. 6.28 shows that the spectrum is dominated by the
so called G band (graphitic, sp2) at 1580 cm 1, a D band at 1350 cm 1 and
a Dband at 1620 cm 1. Also evident are the 2D (i.e. G) band at 2700 cm 1
(an overtone of the D band) and the D+G combination mode at 2950 cm 1.
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Figure 6.26: SEM image of graphene-like nano-sheets on a SAW transducer.
Figure 6.27: AFM image of chemically reduced graphite oxide nano-sheets.
The D, Dand D+G bands are all induced by local defects and disorders, and
have been previously observed along graphene and graphite edges [239]. The D
band is quite intense compared to the G band in this spectrum and their ratio
is related to the in-plane correlation length, La [238,240]. It is calculated that
the length for the sample using the expression La = 4:4(IG=ID) [238,241] which
yields a value of La 2.7nm. This indicates that the nano-sheets contain nano-
crystalline graphitic phases with small sp2 domains following the reduction of
GO with hydrazine [220]. The 2D band of the Raman spectrum is also known to
evolve with the number of graphene layers for single-, bi- and few-layers allow-
ing unambiguous identication of the number of layers from 1 to 5 [238]. The
structure of the 2D band suggests that there are >5 graphene layers associated
with the nano-sheets which is consistent with the AFM measurements shown in
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Fig. 6.27.
Figure 6.28: Raman spectrum for the deposited graphene-like nanosheets on the
LiTaO3 SAW device obtained using 514.5 nm laser excitation.
Fig. 6.29 shows the XPS spectrum conducted on the LiTaO3 SAW device.
The XPS analysis indicated that the C1s spectrum signies C   C, C  O and
C(O)O bonds at 284.5, 286.3 and 289.4 eV, respectively. Since graphene has a
benzene ring-like structure, C = C bond should have been observed in these
spectra. The absence of a C = C signature in the XPS spectrum suggests
that the graphene structure is imperfect and may be highly saturated which is
a consequence of incomplete reduction with hydrazine. In contrast, Raman is
particularly sensitive to sp2 bonded carbon when using visible excitation, hence
the presence of the G band indicates that C = C bonding is present but that
crystallite size appears to be small. Hence, both the XPS and Raman analyses
indicate incomplete reduction of GO by hydrazine.
TGA analysis of GO was performed at temperatures ranging from 25 C to
900 C in argon atmosphere. The GO material began to lose weight as soon as
the temperature increased. At 100 C, the graphene-like mass loss was almost
20%. The major weight loss occurred following heating at 200 C and higher.
Above 500 C, no major loss was detected as the mass reduction was already
>90%. This indicates that reduced GO is highly unstable upon heating even at
modest temperatures (<100 C) [220].
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Figure 6.29: C1s XPS spectra for reduced GO.
From the gas sensing point of view, the large surface area of the deposited
graphene-like layers should increase the interaction area available for the gas
molecules, thus enhancing sensitivity. The author had investigated the gas sens-
ing performance of the deposited graphene-like nano-sheets. The gas sensing
results will be discussed in the next chapter.
6.3.8 Analysis of Thermally Evaporated Antimony Oxide
Nanostructures
Thermally grown Sb2O3 nanostructures were characterised via SEM, XRD and
EDX methods. In previous chapter, the author informed that di¤erent sub-
strates coated with thin layer of Au were used for the investigation of Sb2O3
nanostructures. The author conducted the experiments at di¤erent operating
temperatures, and the morphology of nanostructures on each substrates were
investigated using SEM.
Fig. 6.30(a) to 6.30(b) reveal that various shapes of nanoparticles are found
uniformly distributed on the LGS substrates. Although the temperature in-
creased to 600 C, the dimensions and morphologies of the nanostructures from
each substrate did not change. However, sparse nanowires are found in between
nanoparticles on LGS substrate after SbxOy lms were deposited at 800 C for
2h. The thickness of the 1-D nanowires were in the range of 10nm to 30nm and
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(a) 400 C (b) 600 C
(c) 800 C (d) 1000 C
Figure 6.30: Thermally evaporated of Sb2O3 at di¤erent temperatures on LGS
substrate.
the length were up to 170nm. In Fig. 6.30(c), the nanowires and nanoparticles
can be seen on the bare LGS substrate. Another deposition was conducted at a
higher temperature; 1000 C of the duration of 2h. At this point, nanowires were
not found. Instead another forms of nanostructures were observed: the spheri-
cal particles which were surrounded by denser and non-uniform nanostructures.
Fig. 6.30(d) reveals that some of the 1-D samples appear to have trapezoidal and
rectangular shapes. Lobe-like and parallelogram shapes were also occasionally
observed here. These non-homogeneous structures were between 150 - 200nm in
width, 50 -140nm in height and up to 300nm in length.
After successfully growing nanostructures on the bare LGS substrates, an-
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(a) (b)
Figure 6.31: LGS conductometric devices after SbxOy lm deposition at 1000oC
(a) Nanorods grown on metallized layer electrodes, (b) Nanostructures grown in
between the electrodes.
(a) (b)
Figure 6.32: SEM images of nanorods (a) located closer to the source (high
temperature), (b) located further from the source (low temperature).
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other set of deposition was carried out on LGS conductometric transducers at
the similar temperatures and durations. The details of the transducers fabrica-
tion and parameters were given in chapter 4. Fig. 6.31(a) and 6.31(b) reveal
the results of these experiments. In Fig. 6.31(b), non-homogeneous 1-D struc-
tures, which are similar to Fig. 6.30(d), are observed between the electrodes.
Fig. 6.31(a) shows rod-like structures, pointing at random orientations which
are found on the electrodes. The diameters of the nanorods range from 30 to
50nm and their lengths are from 150 to 750nm.
The author believes that the growth reaction of SbxOys nanorods and other
non-uniform nanostructures obtained in this experiment are similar to VLS
growth. At elevated temperatures, nanoparticles are found on all substrates.
At these temperatures, it is known that the coated Au thin lm split into small
liquid droplets. When the furnace is heated up to 1000 C, Au lm formed into
small half-spherical shapes which are shown in Fig. 6.30(d). At the same time,
Sb2O3 powder may be transformed to SbxOy vapour. The owing carrier gas
carry the vapour to combine it with Au droplets. From this continual feeding of
SbxOy vapour, the alloy droplets lead to the nucleation. The growth of SbxOy
1-D structures occurs when they become saturated with SbxOy. Therefore, syn-
thesizing the non-homogenous 1 and 2-D nanostructures and nanorods on bare
LGS and electrodes surface occurs.
These experiments were executed at di¤erent operating temperatures and
the substrates were placed at di¤erent locations from the source. Fig. 6.32(a)
6.32(b) depict SEM images taken from SbxOy nanorods on LGS at di¤erent
locations corresponding to the di¤erent deposition temperatures. Fig. 6.32(a)
was taken from the location near to the source, the Sb2O3 powder, than the
location of Fig. 6.32(b). Nanorods at closer positions are denser and closely
compact. The lengths of these nanorods are longer than nanorods at further
distances. This is probably due to the reason that at higher deposition temper-
atures higher concentration of alloy droplets led to more e¢ cient nucleation and
made SbxOy saturated much faster, consequently, nanorods were more compact
and elongated.
To determine the crystallinity of the nanostructures product, XRD analysis
was carried out. Fig. 6.33 depicts the XRD pattern of the thermally evaporated
Sb2O3. Some of the peaks can be indexed to various antimony oxides with
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di¤erent Sb/O ratios; face-centered cubic senarmontite Sb2O3, base-centered
monoclinic phase of Sb2O5, base-centered orthorhombic SbO2, monoclinic Sb2O4,
and orthorhombic valentinite Sb2O3, which are labelled as A, B, C, D, and E
respectively. Furthermore, as can be seen from the XRD pattern of the as-
synthesized products, the senarmontite Sb2O3 and Sb2O5 dominate most of the
indexed peaks. Figure 6.33 conrms (400), (421), (620), (422) and (204) are
the signicant di¤raction peaks for Sb2O5. Moreover, (222), (622), (731), (644),
(662) and (844) are the peaks that show the existence of Sb2O3 with lattice
parameters a = b = c = 11:15200. Meanwhile, the rest of the peaks are detected
are from lms on Au and LGS substrate.
Figure 6.33: XRD pattern of LGS after SbxOy lm deposition at 1000 C.
XRD analysis (gure is not shown in this thesis) was conducted on lms
deposited on Si substrates, and the result only showed the presence of Au peak.
However, no Sb/O peak was observed. This conrms that SbxOy does not grow
on Si up to 1000 C (as well as on LiTaO3 and LiNbO3 at less than 800 C).
Unlike LGS, testing on LiTaO3 and LiNbO3 could not be continued since both
substrates cracked after being annealed at high temperature of 1000 C. This
behaviour explains the stability of LGS which does not show any phase transition
up to its melting point.
For further investigation on identifying the elements, EDX analysis was also
performed for the SbxOy lms deposition on LGS substrates. Fig. 6.34 exhibits
the EDX pattern of nanostructures in Fig. 6.30(d). The analysis indicates the
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existence of Au, Sb and O on the LGS substrate. Whereas the other peaks
signify the substrates elemental content.
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Figure 6.34: The EDX pattern of the SbxOy nanostructured deposited on LGS.
The SEM images conrmed that SbxOy nanostructured lms are highly
porous. Therefore, it is anticipated that the nanostructures can provide large
exposed surface area to gas media. The gas sensing results of the SbxOy nanos-
tructured based LGS conductometric sensors will be presented in the following
chapter.
6.4 Summary
In this chapter, the materials characterization results of polyaniline, PVP, graphene,
and Sb2O3 were presented. SEM, XRD, AFM, Raman spectra analysis and sev-
eral other characterization techniques were employed to investigate the charac-
teristics of each synthesized material.
Key outcomes from the characterization of the polyaniline, PVP, graphene,
and Sb2O3 nanostructured thin lms can be summarized as follow:
1. Polyaniline sensitive layer
 Characterization of electropolymerized polyaniline by SEM showed highly
ordered nanobers grown on the metallized and non-metallized regions
of the LiTaO3 SAW transducers. The growth of polyaniline nanobers on
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non-metallized substrates was conrmed via SEM inspection and resistance
measurements before and after electropolymerization.
 Di¤erent deposition time for electropolymerization resulted in di¤erent
thicknesses of polyaniline nanobers thin lms.
 Using SEM, the surface morphology of electropolymerized polyaniline in
di¤erent acid concentrations were found to be di¤erent. Decrease in the
polymerization degree of polyaniline was observed from the SEM images
as the concentration of acid in the electrolyte was reduced.
 The average diameter of HNO3 medium deposited polyaniline nanobers
was approximately 30 - 50nm, growing at random directions on the surface
of the working electrodes. On the other hand, more ordered nanobers with
average diameters of 40 - 50nm were observed for HCl medium deposited
polyaniline nanobers.
 Morphology of electropolymerized polyaniline/MWNTs was more compact
than pure electropolymerized polyaniline with average diameter of 50nm.
The existance of MWNTs in polyaniline chain reduced the electrical re-
sistance from 5.5x103
 for pure electropolymerized polyaniline to 40
 of
electropolymerized PANI/MWNTs (for the same IDT pattern transduc-
ers).
 Polyaniline/diamond composite was successfully synthesized via chemical
polymerization. It was observed that polyaniline and diamond formed
nanobers and clusters of coral-like structures respectively and were con-
nected together in a network. The X-ray di¤raction pattern of the drop-
casted nanocomposite layer was shown to match the peak from the pure
standard diamond, signifying the presence of diamond particles in the CSA
doped polyaniline/diamond sensors.
2. PVP sensitive layer
 The electrospin coated PVP bres were deposited at diferent concentra-
tions, resulting in three di¤erent structures which were bers, beads, and
particles. Only bres in the range of 100 - 600nm were appeared at 58%
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of PVP concentration. Furthermore, by varying the collection distances,
the e¤ect on deposition rate was investigated. The closer the distance, the
higher the deposition rate and the denser the lm.
 Electrospin coated PVP/ES and PVP/EB composites were successfully
synthesized. The width of PVP/ES bres were smaller than those of from
the PVP/EB bres, which were 50 - 650nm and 322 - 1000nm, respectively.
 The morphologies of electrospin coated PVP/MWNTs composites were
investigated via SEM which show that MWNTs were dispersed evenly in
PVP. The average width of the electrospin coated bres was 250nm, while
for beads, the diameter was between 500 to 1500nm.
3. Graphene sensitive layer
 Graphene nano-sheets surface morphology were studied via SEM and AFM.
Both showed that the monoatomically thick deposited graphene appeared
in pale grey region on the LiTaO3 SAW transducers. However, the ab-
sence of C = C bond in the XPS spectra and the existance of more than 5
graphene layers from 2D band of the Raman spectrum concluded that the
chemically reduced GO to graphene was not an ideal graphene.
4. SbxOy sensitive layer
 SbxOy nanostructures were succesfully deposited on LGS conductometric
transducers via thermal evaporation technique. The surface morphology of
the nanostructures grown at di¤erent temperatures were investigated using
SEM. It was observed that the nanorods growth was dense and closely
compacted together when the samples were near to the powder source.
Besides, nanorods were longer when compared to that of the nanostructures
deposited at further distances. The EDX identied the existance of Au,
Sb and O on the LGS substrates. Furthermore, the XRD determined that
di¤erent Sb/O ratios of nanostructures were successfully grown via this
method.
The synthesized and characterized nanostructured materials are used as the
sensing layers for SAW based and conductometric transducers. Gas sensing
performance of these sensors will be further discussed in chapter 7.
Chapter 7
Gas Sensor Testing Set-up and
Results
7.1 Introduction
In chapter 1, the author described the motivation of conducting research regard-
ing selected nanostructured materials for gas sensing applications. Then the
literature review of these nanostructured materials were presented in chapter
2. In chapter 3 and 4, the theory and fabrication of SAW and conductometric
transducers were presented, respectively. The syntheses and deposition of the
nanostructured materials were described in the following chapter. Subsequently,
the characterizations of nanostructured materials were given in chapter 6.
In this chapter, the electrical measurement set-ups for SAW and conduc-
tometric gas sensors are given in section 7.2. The testing prosedures also are
included in this section. Section 7.3 presents the gas sensing performance for all
gas sensors. This section is divided into four subsections in which the gas sensing
results of polyaniline nanobers, PVP bres, graphene nano-sheets, and Sb2O3
nanostructures based gas sensors are discussed. Finally, section 7.4 provides the
summary of this chapter.
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7.2 Electrical Measurement Set-ups
7.2.1 SAW Sensor Measurement Set-up
Changes in SAW velocity can be measured by frequency and phase techniques.
The phase technique involves measuring the transfer function of the SAW device
with a two-port network analyzer. With the network analyzer, one of the ports
acts as an RF signal source for IDTs input while the other one (or the same
port) as a vector voltmeter for measuring the amplitude and phase of the IDTs.
By measuring the scattering parameters (S-parameters: S11; S12; S21; S22), both
phase velocity and attenuation of the SAW device over a given frequency range
can be determined. In this study, the author employed a Rohde and Schwarz
ZVRE network analyzer to measure the S-parameters. The obtained data al-
low to approximate the oscillation frequency of the SAW device in an oscillator
conguration set-up. Although this technique provides a stable platform for
analysis, it is a specialized and expensive set-up.
The second method to measure changes in SAW velocity is via the frequency
technique. In this method, the SAW sensor is used as the frequency control ele-
ment in a closed loop oscillator circuit. The SAW sensor functions as a delay line
producing a positive feedback which is fed into an RF amplifer as shown in Fig.
7.1. In this conguration, RF amplier gain compensates the losses incurred
by the SAW delay line while maximising the signal to noise ratio of the oscil-
lator circuit. The advantage of using the frequency technique in measuring the
changes in SAW velocity is that it requires cheaper equipment when compared
to a phase measurement set-up. Furthermore, the system can be established by
employing a simple microprocessor to measure the oscillation frequency, which
is relatively cheaper than most of the accurate the laboratory equipment (e.g.
network analyzer).
The basic principle of the measuring system of a SAW device in a closed loop
conguration is well known [242],[243]. In steady state condition the oscillator
circuit must satisfy the following conditions [244]:
'
Amp
+ '
SAW
=  2n (7.1)
jG (!)j  jL (!)j = 1 (7.2)
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Figure 7.1: Schematic diagram of the feedback loop oscillator.
where '
Amp
and '
SAW
are phase response of RF amplier and SAW device,
respectively; n is an integer denotes the number of frequency mode; ! is an
angular oscillation frequency; jG (!)j is the magnitude of amplier gain, and
jL (!)j is the magnitude of insertion loss of the SAW delay line.
The '
SAW
then is dened as:
'
SAW
=  2fl
v
(7.3)
where f is the oscillation frequency, l is centre-to-centre spacing between the
IDTs and v is the phase velocity of the acoustic waves.
Therefore, using Eqs. 7.1 and 7.3, the oscillation frequency f can be written
as:
f =

2n + '
Amp

2l
v (7.4)
From this equation, it is evident that the RF amplier must be designed
carefully to provide enough forward gain to overcome losses associated with the
SAW delay line. Therefore, the conditions of the stable oscillation are fullled.
'
Amp
can be considered constant if the amplier is working in a stable condi-
tion, then changes in acoustic wave phase velocity (v) are proportional to the
changes in oscillator centre frequency (f) which can be written as:
f
fo
= v
vo
(7.5)
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where fo and vo are the unperturbed oscilation frequency and SAW velocity,
respectively.
Figure 7.2: Experimental set-up for nanostructured material based SAW gas
sensors.
Fig. 7.2 shows a complete experimental set-up for nanomaterial based SAW
gas sensors. The custom built SAW system employs a mass ow controller (MFC)
processing unit, four MFCs, two computers, a frequency counter, a thermocou-
ple and a 2-channel DC power supply. In this system, the multi-channel gas
calibration set-up was based on the volumetric mixing of gases with four MFCs.
Certied gas bottles of high purity dry synthetic air (zero air) and low concen-
tration of analytes gas (balanced in synthetic air) were purchased from Coregas.
Each gas bottle was connected to a computer controlled MFC. The computer
was utilized to produce a total constant ow air of 200sccm. The analyte gas
could be further diluted in synthetic air by simply adjusting the ow rates of
each MFC.
7. Gas Sensor Testing Set-up and Results 130
7.2.2 Conductometric Sensor Measurement Set-up
The author developed nanostructured Sb2O3 based conductometric gas sensors.
The resistance change of these sensors was recorded using a high precision Keith-
ley 2001 multimeter. A complete experimental set-up of test system connections
for conductometric gas sensor is shown in Fig. 7.3.
Figure 7.3: Experimental set-up for nanostructured material based conducto-
metric gas sensors
The response, denoted as S is the ratio of resistance for synthetic air (Rair)
to the resistance of the test gas (Rgas):
Sreducing = Rair=Rgas (7.6)
Eq. 7.6 is true for n-type material gas sensors responding to reducing gases
such as H2 and CO. For the same type of material responding to oxidising gases
such as NO2, the response is dened as:
Soxidi sin g = Rgas=Rair (7.7)
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7.2.3 Gas Chamber Set-up
Figure 7.4: Schematic diagram of gas chamber set-up.
Fig. 7.4 shows the schematic diagram of the gas chamber set-up. The cham-
ber was formed from the 20mm thick machined teon block and fused quartz lid.
The tested sensor was mounted on a planar alumina micro-heater. The external
regulated power supply controlled the operating temperatures of up to 300 C.
This gas chamber was then enclosed by an environmental chamber to control the
ambient temperature at 22 C.
7.2.4 Testing Procedure
In this research, the author used both reducing (H2 and CO) and oxidising (NO2)
gas species to investigate the performance of the developed sensors. Each of the
sensors was tested at several operating temperatures, depending on the type of
the sensor. A sequence control computer was utilized to computerize the pulse
sequence of the analyte gas concentrations and also the operating temperatures.
Initially, the synthetic air was maintained for 60min. Then the rst pulse of
the analyte gas was given for 10min, followed by another 60min of synthetic air.
Exposing sensor to subsequent pulses of analyte gas was utilized to stabilize the
baseline. Only after the baseline gas was stable, the actual measurements were
started by purging the sequences of the analyte gas.
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7.3 Gas Sensing Results
7.3.1 Polyaniline Nanobers Based SAW Sensors
Frequency and Phase Responses
Fig. 7.5 shows the measured S21 transmission parameters (log magnitude and
phase) of the doped and dedoped polyaniline nanobers based 36  YX LiTaO3
SAW gas sensors before and after the deposition of polyaniline nanobers.
Figure 7.5: Frequency and phase response of bare LiTaO3 SAW device, doped
polyaniline nanobers, and dedoped polyaniline nanobers on LiTaO3 SAW de-
vice in ambient condition.
The LiTaO3 SAW transducer with no sensitive layer showed resonant cen-
tre frequency peak at approximately 102.6MHz, with an insertion loss of -5
dB. Deposition of doped and dedoped polyaniline nanobers based SAW sensors
showed the resonant centre frequency peaks of 102.2 and 102.6MHz, respectively.
Whereas, the insertion losses shifted to -15 and -8 dB for doped and dedoped
polyaniline, respectively. It is suggested that the increases in insertion loss is
caused by the mechanical wave dampening e¤ect of the nanostructures on the
LiTaO3 SAW devices [245]. These results can also be attributed to the scatter-
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ing of surface waves. Stability of the phase responses was also good after the
deposition of the layers.
Gas Sensing Results
Gas measurements for the polyaniline nanobers based LiTaO3 SAW gas sensors
were carried out in a chamber by exposing the sensors to di¤erent concentrations
of H2 gas in synthetic air at room temperature. The response of the H2 gas was
monitored using a frequency counter (Fluke PM6680B). The doped polyaniline
nanobers based LiTaO3 SAW sensor was exposed to H2 gas pulse sequence of
0.06%, 0.12%, 0.25%, 0.50%, 1.00% and 0.12% in synthetic air. While for the
dedoped polyaniline nanobers based LiTaO3 SAW sensor, it was exposed to
H2 gas pulse sequence of 0.06%, 0.12%, 0.25%, 0.50%, 0.50% and 1.00%. The
experimental set-up and testing procedures were outlined in details in section
7.2.1. Dynamic response to H2 gas for doped polyaniline nanobers/SAW sensor
is shown in Fig. 7.6, whereas the dynamic response for dedoped polyaniline
nanobers/LiTaO3 SAW sensor is shown in Fig. 7.7.
Figure 7.6: Dynamic response of doped polyaniline nanobers based SAW gas
sensor.
Measured response for the doped polyaniline nanobers based LiTaO3 SAW
gas sensor was approximately 480Hz to 1% H2. Fast response of 28 s at room
temperature was observed at this H2 concentration. For the dedoped polyaniline
nanobers based LiTaO3 SAW gas sensor, the measured response was approxi-
mately 9.46 kHz towards 1% H2. The response time of this sensor was 12 s for
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Figure 7.7: Dynamic response of dedoped polyaniline nanobers based SAW gas
sensor.
0.06% H2 gas concentration. It is observed in Fig. 7.6 that the resonant fre-
quency of the sensor was reduced upon the introduction of the H2 gas to the
gas chamber. With H2 exposure, the conductivity of the polyaniline nanobers
are increased. This result in a decrease in the acoustic wave velocity, thus de-
creasing the resonant frequency. However, it was the opposite for the dedoped
polyaniline nanobers based LiTaO3 SAW sensor. The introduction of the H2
gas to the surface of the dedoped polyaniline/LiTaO3 SAW sensor increases of
the devices resonant frequency which is caused by the di¤erent oxidation states
of polyaniline.
Good reproducibility was observed when second pulses of 0.12% and 0.50%
of H2 were introduced into the chamber for both doped and dedoped polyaniline
nanobers sensors. This room temperature operation is favorable in many ap-
plications, especially those involving low power consumptions and operating in
inammable environments.
It is observed in Fig. 7.6 that overshoot occured at 1% H2 for doped polyani-
line sensor. This phenomenon does not happen during the exposure of the de-
doped polyaniline sensor to 1% H2. In electropolymerization, di¤erent thick-
nesses were required to enable doped and dedoped polyaniline nanobers to
respond as SAW sensors. Doped polyaniline nanobers based LiTaO3 SAW
sensor requires a very thin layer. This is due to the high conductivity of the
doped polyaniline. If thick layer is deposited, the device will be short-circuited.
Whereas for dedoped polyaniline, a thick layer is required. The dedoped polyani-
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line nanobers based LiTaO3 SAW sensor did not respond to H2 gas if very thin
lms were deposited. This is due to the assumption that the thin layers of
dedoped polyaniline nanobers do not have the su¢ cient ability to transport
charge carriers along the polymer backbone and for the carriers to hop between
the polymer chains. The same phenomenon can also be used for describing as
why the thick layers of dedoped polyaniline nanobers on the SAW transducers
prevent the occurance of the overshoot [246-247].
For doped polyaniline, H2 interacts at the charge amine nitrogen sites. By
referring to the polyaniline scheme in Fig. 2.2, H2 bond dissociation follows with
the formation of new N   H bonds to the amine nitrogen of the polyaniline
chain. After that, the charge transfer between adjacent amines nitrogen returns
the polyaniline chain establishing polaronic state (emeraldine state) with the
release of H2. Therefore, this makes the reaction fully reversible.
Although Virgi et al. [130] found no response towards H2 gas for dedoped
polyaniline nanobers, Sadek et al. [67] veried that there is interaction between
hydrogen molecules and polymer chain of dedoped polyaniline. As imine/amine
ratio of emeraldine lm can be a¤ected by the base concentration [63], it is known
that only upon exposure to a very strong base the emeraldine can become an
insulator [12]. As only a weak base was used in these experiments, the author
believes this attributes to the amount of imine and amine in the polymer chains.
Therefore, this probably enables the interaction of hydrogen molecules with the
dedoped polyaniline. H2 gas may form a bridge between nitrogen atoms on two
adjacent chains or there may be partial protonation of some of the nitrogens in
imine group [130].
E¤ect of Polyaniline Nanobers Thin Film Thickness
Fig. 7.8 shows the frequency shifts of the dedoped polyaniline based LiTaO3
SAW sensors (presented in Table. 6.1) versus di¤erent H2 gas concentrations.
Whereas, response time versus H2 concentrations of electropolymerized polyani-
line nanobers/LiTaO3 SAW sensors is plotted in Fig. 7.9. The SAWE, with the
smallest thickness, showed the smallest frequency shift (12.1Hz for 0.06% H2). It
is observed that for gas concentrations below 0.5%, the frequency shifts increase
as the thicknesses increase. Although for compact and non-porous structures,
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thinner lms with thicknesses comparable to Debye length provide better sensi-
tivity than thicker lms [59], it is apparently the opposite for porous structures.
Large shifts in the operating frequency of the nanostructured SAW sensors are
attributed to the high surface to volume ratio of porous polyaniline nanobers
sensitive lms. The deposition time contributes to the surface roughness of the
sensitive layer as well. The longer deposition contributes to the elongation of the
polyaniline nanobers perpendicular to the nucleation sites. Hence, the higher
surface to volume ratio which increases the adsorption of H2 molecules. How-
ever, for 1% H2 gas, SAW B with the thickness of 3.5m produced the highest
frequency shift of 9.46 kHz than the other SAW sensors.
Figure 7.8: Frequency shift of dedoped polyaniline nanobers based SAW gas
sensors with di¤erent thin lm thicknesses.
Figure 7.9: Response time of polyaniline nanobers based SAW sensors versus
gas concentrations.
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In Fig. 7.9, the graph compares the response time of the thick (SAW A & B)
and thin layers of polyaniline nanobers (SAW C & D). SAW B showed the fast
response towards 0.06% and 0.12% H2. For concentrations higher than 0.25%,
it was observed that the response time of the thick layer polyaniline devices
were smaller than that of the thin layer devices which showed that thick layer
provided large surface area for H2 adsorption.
E¤ect of Di¤erent Acid Concentrations
Five di¤erent sensors were developed. Polyaniline nanobers were electropoly-
merized on these sensors using di¤erent concentrations of electrolyte with de-
tails presented in chapter 5. The electropolymerized polyaniline nanobers
based LiTaO3 SAW sensors were then dedoped in NaOH (pH 12.5) for approxi-
mately 10 s. To investigate the gas sensing performance, the dedoped polyaniline
nanobers/LiTaO3 SAW sensors were placed in the gas chamber and exposed to
H2 gas.
Fig. 7.10 shows the frequency shifts of the developed sensors towards ve
di¤erent concentrations of H2 gas. However, only three of fabricated sensors
responded to H2 gas. Therefore, the results for sensors deposited using 0.5M,
1.0M and 1.5M of HCl are shown in Fig. 7.10.
Figure 7.10: Frequency shift of dedoped polyaniline nanobers based SAW sen-
sors, polymerized in di¤erent acid concentrations.
Polyaniline nanobers/LiTaO3 SAW sensors that were deposited in 0.1M and
0.3M HCl did not respond as SAW sensor. Referring to the SEM images in Fig.
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6.9, it can be observed that nanoparticles and nanobers were grown sparsely
on 0.1M and 0.3M devices. This contributes to the inability of the devices to
respond as SAW gas sensors. To enable the polyaniline to function as a sensitive
layer for gas sensing, it requires to transport charge carriers along the polymer
backbone and for the carriers to hop between the polymer chains. Besides there is
a possibility that these low acid concentrations form another state of polyaniline.
In the insulating form of polyaniline, the H2 cannot dissociate, therefore no
reversible interaction of H2 with the polymer chain can occur. Subsequently
there was no response to hydrogen from these two devices [130].
Fig. 7.11 shows the dynamic responses of polyaniline nanobers based SAW
sensors which were electropolymerized using 0.5M, 1.0M and 1.5M HCl in elec-
trolyte. It is observed that the one that deposited in 1.0M HCl electrolyte has
the most stable baseline. Baseline for the 0.5M sensor appeared to be drifted
slightly upwards in time, whereas for the 1.5M sensors, it is drifted downwards.
Measured responses were approximately 1.863, 19.980 and 1.055 kHz towards 1%
H2 for 0.5M, 1.0M and 1.5M sensors, respectively. The 90% response time for
0.5M, 1.0M and 1.5M sensors were 24, 28 and 164 s towards 1% H2, respectively.
Both SEM images of polyaniline nanobers electropolymerized using 1.0M
and 0.5M HCl show highly dense nanobers. However, the frequency shifts of
0.5M sensors were lower than that of 1.0M sensors. As mentioned previously, H2
gas may form a bridge between nitrogen atoms on two adjacent chains or there
may be partial protonation of some of the nitrogens in imine group [130]. The
amount of H+ in 0.5M HCl is lesser than in 1.0M HCl. During the electropoly-
merization, this may a¤ect the amount of amine and imine in the nanobers.
Hence only few of them may be available to react with H2 gas.
If very high acid concentration is used, the amount of monomer is decreased
consequently. Therefore, for the 1.5M HCl device, the amount of polyaniline
produced during electropolymerization was low [248]. As a result, only small
amount of the deposited polyaniline is able to react with H2, causing small
frequency shift upon exposure to H2 gas.
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(a)
(b)
(c)
Figure 7.11: Dynamic responses of dedoped polyaniline nanobers/SAW sensors,
polymerized in di¤erent HCl concentrations: (a) 0.5M, (b) 1M, and (c) 1.5M.
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E¤ect of Di¤erent Type of Acids -HNO3
Although polyaniline synthesized in HCl and HNO3 media have already been
investigated by other authors [234,249-250], no literature was found that contains
the study of their e¤ect on gas sensing performances. HCl media deposited
polyaniline nanobers has higher conductivity than the HNO3 media deposited
polyaniline. This result agrees with ndings presented by Gaikwad et al. [250]
and Catedral et al. [249].
Dynamic response of HNO3 doped polyaniline nanobers based LiTaO3 SAW
sensor to di¤erent H2 concentrations is shown in Fig. 7.12. H2 gas exposure time
was set at 4 and 5mins for HNO3 doped and HCl doped polyaniline nanobers
based SAW gas sensors, respectively. Then the gas chamber was purged with
synthetic air for 5min for HNO3 doped and 6min for HCl doped polyaniline
nanobers based LiTaO3 SAW sensors. The synthetic air was supplied between
each pulses of H2 gas to allow the surface of sensors to recover to the base-
line. Both types of sensors were exposed to hydrogen pulse sequences of 0.06%,
0.12%, 0.25%, 0.50%, 1.00% and 0.12% concentrations in synthetic air at room
temperature. The experimental set-up and testing procedures had been outlined
in details in section 7.2.1.
Figure 7.12: Dynamic response of polyaniline nanobers based SAW sensor
(polymerized in HNO3 medium).
The introduction of H2 gas to the sensor surface causes the reduction of the
devices resonant frequency for both types of sensors. Similar to the results
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which were obtained by Sadek et al. [67] for their conductometric measure-
ments, the author was also found that the conductivity of the dedepod polyani-
line nanobers increases which results in a decrease in the acoustic wave velocity.
The measured responses were 5.168 and 19.98 kHz towards 1% of H2 gas
concentration for the HNO3 and HCl doped polyaniline nanobers based SAW
gas sensors, respectively. Fig. 7.13 shows the plots of the frequency shift of
the measured responses for both sensors versus H2 gas concentrations. The fre-
quency shift for HNO3 doped polyaniline nanobers increases linearly with the
increase of H2 gas concentrations. The trend is similar to HCl doped polyaniline
nanobers, but only for H2 gas concentrations of up to 0.25%. Then the shift
increases approximately three and four times for 0.5% and 1% H2 gas, respec-
tively. Referring to the SEM images of HCl doped and HNO3 doped polyaniline
in Fig. 6.6 and 6.11 respectively, both show almost similar average nanober
dimensions. However, the HCl doped polyaniline nanobers were more ordered
compared to the HNO3 doped sample. This contributes to the porosity of the
deposited polyaniline nanobers thin lm which enhances the sensitivity.
Figure 7.13: Frequency shift of polyaniline nanobers based SAW sensors, com-
parison of polyaniline nanobers which were polymerized in HNO3 and HCl
electrolytes.
The 90% response time of the measured sensors are shown in Fig. 7.14. It is
observed than except for response towards 0.12% H2, HNO3 doped polyaniline
sensor possessed faster response than that of HCl doped polyaniline nanobers
based sensor. Upon exposure to 1% H2 gas, the reponse time for HNO3 doped
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polyaniline nanobers based SAW sensor was 20 s. This response was slightly
faster than the HCl doped polyaniline nanobers based SAW sensor (28 s).
Figure 7.14: Response time for polyaniline-HNO3 and polyaniline-HCl based
LiTaO3 SAW sensors.
Doping E¤ect on Conductometric Sensitivity
The plotted graph in Fig. 7.15 shows the devicessensitivities of the electropoly-
merized doped and dedoped polyaniline nanobers based conductometric sen-
sors. From the plotted curves, it is observed that dedoped polyaniline sensor
shows higher sensitivity of 1.16 than that of the doped polyaniline sensor. It
is also observed that the sensitivity of the doped polyaniline device was almost
plateau between 0.06% to 1% H2 gas concentrations. Whereas the sensitivity of
dedoped polyaniline sensor increased as the concentration of H2 gas increased.
Fast responses of 36 s for 0.5% and 1% H2 gas concentrations at room tempera-
ture were also observed for dedoped and doped devices, respectively. However,
these conductometric sensors exhibited slow recovery time. The response and
recovery time versus concentration for both devices are plotted in Fig. 7.16.
Doped polyaniline based conductometric sensor required approximately 4min to
fully recover to the original baseline after exposure to 1% H2, whereas dedoped
polyaniline based conductometric sensor required 38min to recover at the same
gas concentration. At elevated temperature, the probability of desorption in-
creases [251]. Thus, the slow recovery was expected as the experiments were
conducted at room temperature.
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Figure 7.15: Sensitivity of doped and dedoped polyaniline nanobers based SAW
sensors for di¤erent concentrations of H2 at room temperature.
Figure 7.16: Response and recovery time versus H2 gas concentrations.
During the interaction between H2 and polyaniline, a proportion of the ana-
lyte gas (H2) is probably catalytically oxidised forming water. The presence of
water molecules in the polyaniline backbone leading to an increase in polymers
conductivity [252-253]. Therefore, it was observed that the resistance of both
doped and dedoped polyaniline based sensors decreased upon exposure to H2
gas. This observation is similar to that of Sadek et al. [67] who obtained doped
and dedoped polyaniline via chemical polymerization.
Furthermore, McDiarmid et al. suggested that the H2 may form a bridge be-
tween nitrogen atoms on two adjacent chains, or there may be partial protonation
of some amine nitrogen atoms [130]. These reactions lead to the protonation of
polyaniline nitrogen atoms which result in more delocalized charge carriers on
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the polymers backbone and an increase of lm conductivity.
Dedoped Polyaniline/MWNTs Nanocomposite Based SAW Sensors -
Electropolymerization
In chapter 5 and 6, the author presented the synthesis and characterization of
polyaniline/MWNTs based LiTaO3 SAW sensors via electropolymerization tech-
nique. The developed sensors then were placed in the gas chamber for assessing
their gas sensing performance. Fig. 7.17 shows the dynamic response of the
dedoped polyaniline/MWNTs nanocomposite based LiTaO3 SAW gas sensors.
Similar to other polyaniline nanobers based LiTaO3 SAW sensors, the intro-
duction of H2 gas to the sensors surface causes a decrease in devices resonant
frequency. The measured response was approximately 4.3 kHz towards 1% H2 gas
at room operating temperature. The 90% response and recovery time of 28 and
240 s were observed for 1% and 0.25% H2 gas concentrations, respectively. It was
also observed that the baseline frequency slightly drifted downwards. Exposing
sensor to subsequent pulses of H2 gas increased the stability of the baseline.
Figure 7.17: The dynamic response of polyaniline/MWNTs nanocomposite based
SAW sensor to di¤erent H2 gas concentrations in synthetic air at room temper-
ature.
The response magnitude variation for the sensor to di¤erent H2 gas concen-
trations is shown in Fig. 7.18. Frequency shift increases almost linearly with
the increase of H2 concentration. Whereas in Fig. 7.19, it is observed that the
response became shorter as the H2 gas concentration increased.
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Figure 7.18: Frequency shi¤ (Hz) versus H2 gas concentration (%) in synthetic
air at room temperature.
Figure 7.19: Response time (s) versus H2 gas concentration (%) in synthetic air
at room temperature.
It is known that upon exposure to H2, the sensing mechanism of polyani-
line/MWNTs could be complex [83], which includes doping, dedoping, reduction,
swelling, conformational changes of polymer chain and so on. From the dynamic
response which is seen in Fig. 7.17, it is observed that no change in resonant
frequency of polyaniline occur upon exposure to synthetic air. This evidently
shows that the dedoped polyaniline/MWNTs has a stable operational frequency
upon exposure to synthetic air atmosphere. The frequency response of the de-
doped polyaniline/MWNTs based LiTaO3 SAW sensors immediately decreased
once the H2 gas was introduced in the chamber. The sensors show good recovery
after purging out the H2 and introducing the synthetic air again. As the recovery
of the polyaniline/MWNTs based LiTaO3 SAW sensors to the baseline take less
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than 4min for 0.25% H2 gas, it is assumed that weak interaction occurs between
the H2 gas and the surface of the composite [83].
Polyaniline/Diamond Nanocomposite Based SAW Sensors - Chemical
Polymerization
Fig. 7.20 exhibits the dynamic response to a sequence of di¤erent H2 gas con-
centrations in synthetic air. The sensor was initially ushed with 200 sccm of
synthetic air until the baseline frequency became stable. Due to polyanilines
ability to react with chemical species at low temperatures, the sensor was tested
at room temperature. H2 gas, with various concentrations, was then introduced
in the chamber. It can be seen that the frequency of the polyaniline/diamond
nanostructure thin lm sensor decreased when exposed to H2 gas. The fre-
quency then increased to the baseline after synthetic air was purged. However,
the polyaniline/diamond sensor exhibited a response overshoot for high H2 con-
centration of 1%. Ippolito [173] suggested that this is due to the hydrogen
molecules penetrating through the sensing layer and interacting directly with
the underneath layers.
Figure 7.20: Dynamic response of di¤erent hydrogen gas concentrations in syn-
thetic air at room temperature.
Fig.7.21 depicts the frequency shifts of di¤erent H2 gas concentrations. From
the plotted graph, measured response was more than 750 kHz towards 1% of H2
gas. It is inferred that frequency shift increases almost linearly with H2 concen-
tration. Fast response and recovery of 16 s and 180 s towards 1% and 0.06% H2
gas concentrations at room temperature were observed. The sequence of response
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and recovery time for di¤erent H2 gas concentrations is shown in Fig. 7.22. As
can be observed in Fig. 6.14 the surface morphology of polyaniline/diamond
nanobers composite consisted of nanometer dimension structures. Its high
porosity, which gave very large surface to volume ratio, seems to contribute to
the fast response. The porosity enhances the gas di¤usion, thus the reaction be-
tween gas molecules and the thin lm occurs quickly [254]. The enhancement of
gas di¤usion therefore improves the sensor response of the polyaniline/diamond
nanobers based sensor.
Figure 7.21: Frequency shift versus H2 gas concentration.
Figure 7.22: Response and recovery time versus H2 gas concentration.
Previously in the study of doped polyaniline based SAW sensor, it was shown
that the conductivity of polyaniline nanobers is increased upon exposure to-
wards H2 gas. It is suggested that the H2 may form a bridge between nitrogen
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atoms on two adjacent chains. Besides, the presence of water molecules in poly-
mer chain can also lead to the conductivity change. The sensing mechanism for
diamond towards di¤erent gases has been suggested by a few researchers [92,255-
256]. Referring to the analysis of the steady state reaction kinetics conducted
by Gurbuzs group [92,255], it is conrmed that the hydrogen sensitivity of the
device is attributed to the adsorption of hydrogen dipoles at the Pd/i-diamond
interface.
The mechanism for the polyaniline and diamond composite interaction with
hydrogen is still not fully understood. It has been suggested that for the polyani-
line/inorganic material composites, there is an interaction with the polyaniline
backbone which may induce dissociation of the hydrogen. The dissociation then
leads to either a doping type response or chain alignment. This interaction pos-
sibly is facilitated by inorganic materials [61,77-78]. In addition, the dissociation
of H2 can also probably be stimulated by interaction with free spin of adjacent
polyaniline chains which are contributed by the closer packing of polyaniline
backbone.
7.3.2 PVP Based SAW Sensors
Frequency and Phase Responses
Fig. 7.23 shows the measured S21 transmission parameters of the electrospin
coated PVP bres based 36  YX LiTaO3 SAW gas sensors before and after the
deposition of the PVP bres. The fabricated 36  YX LiTaO3 SAW transducer
has a resonant centre frequency peak of 203.5MHz. Whereas the insertion loss
is approximately -12 dB. After the deposition of PVP bres, the resonant centre
frequency peak and insertion loss have shifted to approximately 203MHz and -8
dB. The stability of the phase response was still good after the deposition of the
layer.
Gas Sensing Results
Testing for the PVP bres based SAW gas sensors were carried out in a gas
chamber. The details of the gas chamber set-up and testing procedures were
outlined in section 7.2.1. The response of the PVP/SAW sensors towards H2
gas was monitored using a frequency counter (Fluke PM6680B). The device was
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Figure 7.23: Frequency and phase response of the bare LiTaO3 SAW and the
PVP deposited on LiTaO3 SAW devices in ambient condition.
exposed to di¤erent concentrations of H2 gas in synthetic air at room tempera-
ture. The dynamic response of the sensor is shown in Fig. 7.24. The PVP bres
were deposited on the SAW transducers using electrospinning. The di¤erent
concentrations for the PVP were used for electrospin PVP bres. For the shown
graph, 48% PVP concentration was used during electrospinning. The details of
the synthesis of PVP were presented in chapter 5.
The introduction of H2 gas to the PVP based LiTaO3 SAW sensor caused
reduction of the devices resonant frequency. This results in a decrease in the
acoustic wave velocity. The measured responses were 2.10, 4.24, 7.27, 10.58 and
13.06 kHz towards 0.06%, 0.12%, 0.25%, 0.50% and 1.00% of H2 gas concentra-
tions, respectively. Fast response and recovery of 12 and 61 s towards 1% and
0.06% H2 gas concentrations at room temperature were observed. Although the
diameter of the 48% PVP particles and bres is in micrometer range, it still
provides large surface to volume ratio. The large surface to volume enhances the
gas di¤usion causes the reaction between gas molecules and PVP occurs quickly
and contributes to the fast response.
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Figure 7.24: Dynamic response of PVP bres based SAW gas sensor towards H2
gas (PVP concentration of 48%).
In chapter 2, the author presented the gas sensing mechanism between H2 gas
and PVP molecules which is mainly based on hydrogen-bond based interactions.
The carbonyl group in the PVP structure makes it a strong hydrogen bond
acceptor. The following reactions may occur between PVP molecules and H2
gas:
H2  2H+ + 2e  (7.8)
O
q
  C   N  + H+ 
O
q
  C   N   H
(7.9)
E¤ect of PVP with Di¤erent Concentrations
In chapter 5, the author presented the preparation of the PVP solution with
di¤erent PVP concentrations to be electrospun on the whole area of SAW trans-
ducers. To investigate the gas sensing performance, the author prepared four
di¤erent SAW transducers by electrospin coating PVP bres with 48%, 52%,
56% and 58% PVP concentrations. The details of the preparation of PVP was
presented in Table 5.4. Fig. 7.25 plots the frequency shifts of the PVP based
SAW sensors upon exposure to di¤erent H2 gas concentrations. The 48% PVP
SAW sensor shows the largest frequency shift of 13.1 kHz for 1.00% H2.
7. Gas Sensor Testing Set-up and Results 151
The 90% response and recovery time of electrospun PVP based SAW sensors
are plotted in Fig. 7.26 and 7.27, respectively. In Fig. 7.26, it is observed
that the response time at 1% H2 concentrations is almost equal for all measured
devices, which was 12 s. Whereas in Fig. 7.27, the plotted graph shows that
SAW sensor with higher PVP concentrations required more time to desorb H2
molecules from the surface.
Figure 7.25: Frequency shift of PVP based LiTaO3 SAW sensors, electrospun
with di¤erent PVP concentrations.
Figure 7.26: Response time of PVP based SAW sensors, electrospin coated with
di¤erent PVP concentration.
The best explanation for the di¤erence in frequency shift is the morphology
di¤erence of the electrospun PVP. Referring to Fig. 6.19, although bres and
beads were started to appear for 48% PVP, the whole surface of the electrospun
7. Gas Sensor Testing Set-up and Results 152
Figure 7.27: Recovery time of PVP based SAW sensors, electrospin coated with
di¤erent PVP concentration.
device was still dominated by particles. The images evidently show that 48%
PVP is denser than the other electrospun PVP which were used for gas sensing
applications. Therefore, the large frequency shift was contributed to the high
surface to volume ratio of 48% PVP. Among the 52%, 56% and 58% PVP devices,
52% PVP device had the lowest frequency shift for all H2 gas concentrations.
The diameter distributions of the mixture which is presented in Fig. 6.18 reveals
that 52% PVP has the largest beads and bres among all samples. This therefore
e¤ected the frequency shift of the gas SAW sensors upon H2 exposure.
Electrospin Coated PVP/Polyaniline Composite Based SAW Sensors
From Fig. 7.28, it is observed that the electrical conductivity of the PVP/polyani-
line (ES) and PVP/polyaniline (EB) based SAW sensors were increased upon ex-
posure to H2 gas. Both types of sensors show that the H2 gas was readily desorbed
to the surface of the sensing layer. For the PVP/polyaniline (EB) based SAW
sensor, the frequency shift for 0.06% and 0.12% H2 were small and insignicant.
However, for high concentrations of H2 (0.05% and 1.00%), this sensor showed
large frequency shifts. From this result, it is obvious that PVP/polyaniline (EB)
composite based SAW sensor was not suitable to measure H2 concentrations
lower than 0.25%.
The frequency shift versus di¤erent concentrations of H2 gas is curve shown
in Fig. 7.29. It can be seen that frequency shift for both devices increases almost
linearly with H2 concentrations. Fast response of 24 s towards 1% H2 concen-
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(a) (b)
Figure 7.28: Dynamic responses of (a)PVP/polyaniline (ES) based SAW sensor,
and (b) PVP/polyaniline (EB) based SAW sensor at room temperature.
tration was observed for both PVP/polyaniline (ES) and PVP/polyaniline (EB)
based SAW gas sensors. Fig. 7.30 plotted a reponse sequence for di¤erent H2
gas concentrations. It is also observed that the baseline of the PVP/polyaniline
(ES) based SAW gas sensor is more stable than that of the PVP/polyaniline
(EB) based SAW gas sensor.
Figure 7.29: Frequency shift of the PVP/polyaniline (ES) and PVP/polyaniline
(EB) based SAW gas sensors versus H2 gas concentration in synthetic air at
room temperature.
For the PVP/polyaniline (ES), it is believed that the conductivity of the
composite increases upon exposure to H2 gas. This results in a decrease in
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Figure 7.30: Response time of the PVP/polyaniline (ES) and PVP/polyaniline
(EB) based SAW gas sensors versus H2 gas concentration.
the acoustic wave velocity and: therefore a decrease at the resonant frequency.
However for the PVP/polyaniline (EB), it is believed the adsorption of H2 gas
causes the mass of the sensing lm to change, which contributes to the decrease in
acoustic wave velocity and subsequently the resonant frequency. The adsorption
of H2 gas into the PVP/polyaniline (ES) and PVP/polyaniline (EB) appeared
to involve the penetration of the gas into the polymer accompanied by swelling
of the polymer [257].
Electrospin Coated PVP/MWNTs Composite Based SAW Sensors
Similar to other PVP based SAW gas sensors, the sensing performance of the
PVP/MWNTs composite based SAW sensors were investigated by placing the
sensors in the gas chamber. The details of the SAW gas sensing set-up were
presented in section 7.2.1. Both types of sensors were exposed to hydrogen pulse
sequences of 0.06%, 0.12%, 0.25%, 0.50%, 1.00% and 0.12% concentrations in
synthetic air at room temperature.
Dynamic responses to a sequence of di¤erent H2 gas concentrations are shown
in Fig. 7.31(a) and (b), for which one device contains smaller amount of PVP
(1.025 g) than the other one (1.525 g of PVP). The details of the preparation
and characterizations of the composites were presented in chapters 5 and 6. It
is observed that the introduction of the H2 gas to the chamber causes reduction
of the devices resonant frequencies. In Fig. 7.31(a), the measured response
was 530Hz towards 1% H2 gas concentration in synthetic air. Whereas, the
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(a) 1.525 g PVP.
(b) 1.025 g PVP.
Figure 7.31: Dynamic responses of PVP/MWNTs based SAW gas sensors to-
wards H2 gas.
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measured response for the sensor with small amount of PVP was 11.322 kHz
towards 0.25% H2 gas concentration in synthetic air. The 90% response time of
32 and 36 s towards 1.00% and 0.25% H2 gas concentrations were observed at
room temperature.
The response magnitude variation for the sensors for di¤erent H2 concentra-
tions at room temperature is shown in Fig. 7.32. The plotted gure shows that
the frequency shift for the composite of 1.525 g PVP and 5% MWNTs based
SAW sensor increases linearly with the increase of H2 gas concentrations. How-
ever, this sensor is not able to measure H2 gas concentration of 0.06%. For the
device electrospun with a solution of 1.025 g PVP and 5% MWNTs, the fre-
quency shift increases almost linearly for H2 concentrations up to 0.25%. From
Fig. 7.31, it can be seen that the sensor response magnitudes for 0.50% and
1.00% H2 concentrations were lower than that of 0.25%. It is believed that high
concentrations of H2 saturates the composite lm. The results show that the
sensor is best useful for low concentrations of H2.
Figure 7.32: Frequency shift of PVP/MWNTs based SAW sensors versus H2 gas
concentration.
For these sensors, the introduction of H2 caused the decrease in acoustic
wave velocity, and subsequently decreased in the resonant frequency. To explain
the di¤erence in frequency shifts for both devices, it is suggested that for the
device with 1.525 g PVP the interaction with H2 molecules was governed by
the PVP itself. PVP molecules outweight the MWNTs in adsorbing the H2
gas molecules. Upon H2 exposure, the mass of the PVP/MWNTs increased
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resulting in a decrease in the acoustic wave velocity, which decreased the resonant
frequency. However, high freqency shift was observed for the device with less
PVP concentration. It is known that SAW sensors respond to both mass change
and the change in conductivity. For the device with 1.025 g PVP, there is a
possibility that both changes occured upon exposure to H2 gas. In addition to the
mass change that caused by the PVP, the author believes that the conductivity
of the MWNTs in the PVP/MWNTs composite layer increases. Subsequently
the acoustic wave velocity decreases, thereby decreasing the resonant frequency.
7.3.3 Graphene NanoSheets Based SAW Sensors
Frequency and Phase Responses
Fig. 7.33 shows the transmission responses (S21) of the graphene-like nanosheets
based SAW sensor before and after the deposition of graphene layers.
Figure 7.33: Frequency and phase responses of bare LiTaO3 SAW and graphene
layer on LiTaO3 SAW devices in ambient conditions.
In Fig. 7.33, it is observed that resonant centre frequency and insertion loss
of bare SAW transducer was approximately 102.8MHz and -5 dB, respectively.
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However, after the deposition of graphene layers, the resonant centre frequency
and insertion loss were shifted to 102.2MHz and -20 dB, respectively. The sta-
bility of the phase and frequency responses after the deposition of the layer was
as good as the bare devices. As it is observed that the deposition of graphene
layer increased the insertion loss, it is suggested that the increase in the insertion
loss result in the scattering and dampening of the surface waves [245].
Gas Sensing Results
H2
Employing the experimental set-up and procedure outlined earlier in this chapter,
the sensor was tested repeatedly towards sequential pulses of 0.06%, 0.125%,
0.25%, 0.5% and 1% of H2 gas in air. The exposure and purge time were 200
and 480 s, respectively. Fig. 7.34(a) and 7.34(b) show the dynamic response
of the graphene-like nano-sheets/SAW sensor to a sequence of di¤erent H2 gas
concentrations in synthetic air at room temperature and 40 C, respectively. The
measured response at room temperature (25 C) was 5.8 kHz towards 1% H2. At
operating temperature of 40 C, the frequency shift was lower (1.7 kHz) when
exposed to the same concentration of H2. These low operational temperatures are
favorable in many applications, especially those involving low power operations
and inammable environments.
(a) (b)
Figure 7.34: Dynamic responses of graphene-like nano-sheet/LiTaO3 SAW sen-
sors towards H2 gas at (a) room temperature, and (b) 40oC.
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The sensor responses at room temperature and 40 C operation versus H2
concentration curves are shown in Fig. 7.35. It is observed that the frequency
shift of H2 at room temperature increases almost linearly with the increase in H2
concentration. Frequency shifts for 1% H2 at 40 C shows a non-linear behaviour
which begins to plateau at concentration of 1%. The plotted graph in Fig. 7.36
shows the response and recovery time of measured SAW sensor towards H2 gas
at two di¤erent operating temperatures. Exposed to 0.125% H2 at 40 C, a fast
response of 12 s and recovery of 58 s was observed. It is also observed that the
response and recovery time for the high operating temperature was smaller than
the room temperature, however the frequency shift was lower. It is known that at
elevated temperatures, the probability of desorption increases [251]. Therefore,
the slow recovery (9min) for 1% H2 at room temperature was expected.
Figure 7.35: Oscillation frequency shift vs H2 gas concentration of graphene-like
nano-sheet/LiTaO3 SAW sensors.
Arellano et al. [133] has investigated the adsorption of molecular hydrogen
(H2) onto a graphene sheet at 0K via density functional theory (DFT). Four
unique orientations and positions of physisorbed H2 were identied, with the
hydrogen molecule lying perpendicular or parallel to the plane of the graphene
sheet. The adsorption of H2 onto graphene is very weak, being physisorbed
onto graphene with binding energies of <0.1 eV and adsorbate surface distances
between 5.07Å and 5.50Å. The hydrogen molecule was found to align itself
perpendicular to plane of the graphene sheet above 163K.
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Figure 7.36: Response and recovery time (s) vs H2 gas concentration (%).
NO2
The graphene-like nano-sheet/LiTaO3 SAW sensors were tested repeatedly to-
wards sequential pulses of 0.51ppm, 1.0625ppm, 2.125ppm, 4.25ppm and 8.5ppm
of NO2 gas in dry synthetic air. Unlike hydrogen, NO2 increases the conductiv-
ity of the graphene sensitive layer by donating electrons to the conduction band.
Fig. 7.37(a) and Fig. 7.37(b) show the dynamic response of the sensors to NO2
gas at two operating temperatures, which are room temperature and 40 C. It
can be seen the frequency decreased when exposed to the analyte gas. After
purging out the NO2 gas through the introduction of dry synthetic air, the op-
erational frequency of the SAW sensor increased and returned to the baseline,
which occurred at both operating temperatures. However, drifting of both base-
lines was observed. By exposing sensors to subsequent pulses of NO2 the baseline
became stable.
The associated frequency shifts for 0.51 - 8.5 ppm concentrations of NO2
mixed with synthetic air are plotted in Fig. 7.38. It is observed that the trends
of the frequency shifts were almost the same for both temperatures. Both show
linear changes as the NO2 concentration increases. The measured response at
40 C was 18.7 kHz towards 8.5 ppm NO2. At room temperature, the frequency
shift was smaller (14.9 kHz) when exposed to the same concentration of NO2.
The plotted graph in Fig. 7.39 shows the relation of response time versus NO2
gas concentrations. At the higher operating temperature, slow response was ob-
served for 0.51 and 1.0625ppm NO2 concentrations. The response time improves
at higher gas concentrations. As for room operating temperature, the fastest
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(a) (b)
Figure 7.37: Dynamic response of graphene-like nano-sheet/LiTaO3 SAW sensors
towards NO2 gas at (a) room temperature, and (b) 40oC.
response was observed at 8.5 ppm (152 s).
Figure 7.38: Oscillation frequency shift vs NO2 gas concentration of graphene-
like nano-sheet/LiTaO3 SAW sensors.
Utilising DFT, Leenaerts et al [132] have reported the adsorption of NO2
onto graphene at 0K. It was found that NO2 adsorbs between 3.61Å and 3.93Å
above the surface of the graphene sheet with binding energies ranging between
0.05 and 0.07 eV. The large spacing between the adsorbate and the graphene
surface combined with the small binding energies reported, suggest that NO2
is physisorbing onto the surface of the graphene sheet. The charge transfer
calculations indicate that NO2 can withdraw charges from the graphene sheet
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Figure 7.39: Response time (s) vs NO2 gas concentration (ppm).
and act as an acceptor of charges, accepting a maximum of 0.1 eV. This is in
agreement with the experimental data presented in this thesis, which shows that
of H2 and NO2 adsorption induce a p-type response in graphene. This is further
supported by the Hall measurements which reveal that NO2 is an acceptor [115].
CO
The author extended the gas testing of graphene-like nano-sheet/LiTaO3 SAW
sensors towards another reducing gas; CO. Similar to the previous experiments,
sensor was exposed to di¤erent CO gas concentrations. The experiments were
conducted at two di¤erent operating temperatures; room temperature and 40 C.
Fig 7.40(a) and 7.40(b) show the dynamic response of the graphene-like nano-
sheets/LiTaO3 SAW sensors to a sequence of di¤erent concentrations of CO gas
in dry synthetic air.
Measured sensor responses were approximately 8.5 and 7.0 kHz to 1000ppm
CO at room temperature and 40 C, respectively. For the low concentrations
of CO (60 ppm), the frequency changes were small and almost insignicant,
however, the changes increased dramatically at 1000 ppm. Although CO is a
reducing gas, frequency decreased upon exposure to CO, which was similar to
NO2, which is an oxidizing gas. The frequency shifts for 125 - 1000 ppm con-
centrations of CO at these two operating temperatures are plotted in Fig. 7.41.
For the concentrations below 500ppm, the frequency shift at both temperatures
were almost the same. However, at higher CO concentrations frequency shift of
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the sensor operating at room temperature was larger than at 40 C. This may be
due to the instability of graphene material at higher temperature as explained
in the previous chapter.
(a) (b)
Figure 7.40: Dynamic response of graphene-like nano-sheet/LiTaO3 SAW sensors
towards CO gas at (a) room temperature, and (b) 40oC.
The plotted Fig 7.42 shows the response and recovery time which were
recorded for the measured CO. The 90% response time was approximately 500 s
to 1000 ppm CO at both operating temperatures. It was also observed that
for CO, the recovery time took almost 30 and 20min at room temperature and
40 C, respectively.
The DFT studies of CO adsorption on graphene [132] suggested that three
di¤erent orientations of the CO molecule can physisorb onto the graphene sur-
face. The binding energies and adsorbate surface distances were calculated to
range between 0.008 - 0.02 eV and 3.70 3.75Å, respectively.
Considering that CO is a reducing gas, one might expect a similar direction
for the frequency shift as for H2 which would be consistent with the Hall mea-
surements reported by Schedin et al [10]. However, the dynamic response of CO
does not show such a response. This probably is the result of incomplete reduc-
tion of GO with hydrazine. SAW sensors respond to both mass change and the
change of surface conductivity. When mass increases, frequency decreases as the
adsorbed molecules reduce the acoustic wave velocity. It should be noted that
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Figure 7.41: Oscillation frequency shift vs CO gas concentration of graphene-like
nano-sheet/LiTaO3 SAW sensors.
Figure 7.42: Response and recovery times (s) vs CO gas concentration (ppm).
when conductivity of the SAW device surface decreases, the velocity increases.
Assuming that the change of conductivity is the dominant factor and consider-
ing that both gases are reducing reagents, the direction of the frequency shifts
should have been the same. However, in response to H2, operational frequency
increased and upon exposure to CO it decreased. The molecular weight of H2
molecules is 14 times smaller than CO molecules. As a result, it is suggested
that the dominant factor in H2 response was the change of conductivity of the
graphene. Whereas, the dominant sensing mechanism of CO adsorption the mass
increase. Upon adsorption of the CO molecules, acoustic wave velocity of the
sensing layer is reduced, therefore the operational frequency is also reduced.
The incomplete reduction of GO populates the surface of graphene with epox-
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ide, carbonyl, hydroxyl, and other functional groups. These functional groups,
even at low coverages, can compete for the adsorption sites on the graphene that
would otherwise be occupied by adsorbate gas molecules. Furthermore, these
functional groups may passivate the graphene surface, potentially reducing the
a¢ nity of the surface with adsorbate molecules. As such, it is hypothesized that
a single-layered graphene-based SAW sensor may o¤er more favorable sensing
characteristics than an incomplete reduced GO based sensor.
7.3.4 Antimony Oxide Nanostructured Based Conducto-
metric Sensors
In this subsection, the author will present H2 gas sensing results of antimony ox-
ide nanostructured based conductometric sensors. The experimental set-up and
testing procedures were outlined in details in section 7.2.2. The sensors were
exposed to H2 gas pulse sequence of 0.06%, 0.12%, 0.25%, 0.50%, 1.00% and
0.12% concentrations in dry synthetic air. A thermocouple was used to obtain
a real-time temperature reading of the sensor surface as the sensor was tested
at elevated temperatures. Fig. 7.43 to 7.45 show the H2 gas sensing responses
and their analysis. All the tests were carried out after the LGS conductomet-
ric devices were ushed with 200sccm of synthetic air at the desired operating
temperatures until no further changes in resistance was observable. H2 was only
introduced to the system after complete stabilization. Once the H2 gas with dif-
ferent concentrations were introduced, the resistance dropped rapidly from the
baseline and then slowly reached saturation before the ow changed back to the
synthetic air.
Fig. 7.43 shows the dynamic response of the SbxOy nanostructured based
conductometric sensor tested at di¤erent H2 concentrations at 180 C. Similar
to other metal oxides, Sb2O3 has a wide band gap (3.3 eV) [125] and it has a
very high resistance at room temperature [128]. Response time for every con-
centration at every operating temperatures was measured. For the hydrogen
concentration of 1%, the fastest response was 11 s at 291 C operating temper-
ature. This operating temperature also gave the fastest response for other H2
concentrations.
The change in resistance of the SbxOy based LGS conductometric sensor was
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Figure 7.43: Dynamic response of Sb2O3 nanostructures based LGS conducto-
metric gas sensor exposed to di¤erent H2 concentrations at 180 C.
Figure 7.44: Changes in resistance for each operating temperature vs di¤erent
gas concentration.
monitored for di¤erent H2 gas concentrations at temperature ranges between
180 C to 291 C. From the plotted graph in Fig. 7.44, it can be seen that the
changes in resistance for the device operating at 180 C were about 21 and 18
times higher than the changes at 275 C for 0.06% and 1% of H2 concentrations,
respectively.
Device sensitivity denoted as S and dened as the ratio of resistance for ex-
posed to synthetic air to the resistance when exposed the test gas, S = Rair/Rgas.
Fig. 7.45 is the plot of sensitivity of the SbxOy based LGS conductometric sen-
sor with respects to the operating temperature. This graph shows an increase
in sensitivity when the temperature is increased. The highest sensitivity for 1%
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Figure 7.45: Comparison of device sensitivity for various gas concentrations.
hydrogen was 5.21 at 291 C while the least sensitivity for this concentration was
1.26 which was obtained at 197 C.
It is widely accepted that the conductivity of semiconducting oxides in air is
determined by the trapping of electrons in surface states associated with surface
absorbed oxygen [127]. In air, the oxygen molecules can adsorb onto the surface
of the SbxOy in several forms such as; O 2 , O
  and O2 , depending on the
operational temperature. However, if the oxygen vacancies are immobile in the
lattice, the behaviour may be described by electron distribution between bulk
and surface states. H2 gas reacts with the catalytic surface, causing a change
in the surface coverage of the oxygen atoms near the surface. When the SbxOy
based conductometric sensors are exposed to H2 gas, the following reactions may
occur:
H2;gas  H2;ads (7.10)
H2;ads +O
 
ads  H2O + e  (7.11)
From these equations, it is evident that the electrons trapped by the oxygen
adsorbates can be transferred to the oxide surface. The overall e¤ective change in
the density of the ionosorbed hydrogens can be sensed by an increase in sensors
conductivity. The deposited SbxOy contains nanorods of approximately 30 to
50nm diameter. Therefore the adsorbed hydrogen can easily penetrate through
the bulk of the nanorod.
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The antimony oxide conductometric device showed an n-type behaviour in
response to H2 gas. This agrees well with previous researchers report who
performed several investigations on antimony oxide thin lms [127,258]. It is be-
lieved that, surface oxygen anion, O2  can be adsorbed on n-type semiconductor
oxide, act as a surface acceptor at elevated temperatures. As measurements
were conducted for H2 in synthetic air (21% O2), the oxygen adsorption of the
present O2 molecules decreases the charge carrier density at the surface, this is
balanced by the charged carried on the ionised donors. At this temperature,
the activation energy for chemical reaction between H2 and surface acceptor is
higher. Electrons from hydrogen gas are excited to the device surface. As more
electrons are being excited to the surface, the device becomes more conductive.
Thus resistivity of the sensor is reduced [259-260].
The morphology of the sensing layer inuences the sensors performance. In
previous chapter, the SEM shows that the deposited SbxOy is porous and in
nanometer scale. Therefore, H2 gas can access all of the volume of the sensing
layer, not conned to the surface of the sensing layer. For the porous layer, the
gas sensing reactions can take place on the surface of the individual nanostruc-
tures, at grain-grain boundaries and interface between grain and electrodes.
7.4 Summary
This chapter highlighted the gas sensing set-up and techniques employed by the
author at RMIT University for testing of the nanostructured materials based
SAW and conductometric sensors. The gas sensing performance of these sensors
were investigated which was presented in this chapter. This research has led to
many outcomes and contributions to the body of knowledge, especially in the
eld of nanostructured materials and gas sensors. These outcomes are as follow:
1. In this research, doped and dedoped polyaniline based SAW devices were
successfully fabricated for gas sensing applications. Measured sensor re-
sponses for doped and dedoped polyaniline nanobers based SAW gas sen-
sors were approximately 0.48 and 9.46 kHz towards 1% H2 concentration.
To the best of authors knowledge, this was the rst reports on the testing
of a dedoped polyaniline SAW sensor upon exposure to H2.
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2. The dedoped polyaniline nanobers based SAW sensors with di¤erent thin
lm thickness were investigated for H2 gas sensing. The results showed
that the frequency shift increases as the thickness of the lms increase for
sensing H2 concentrations. For 1% H2 concentration, the SAW sensor with
dedoped polyaniline nanobers thin lm thickness of 3.5m exhibited
the largest frequency shift. Thick lms of porous polyaniline nanobers
provide more surface for H2 adsorbtion than the thin lms, therefore the
di¤usion of the analyte gas was faster. Hence, the response time of thick
lms was smaller than the counterparts towards high H2 concentrations.
To the best of authors knowledge, the author was the rst researcher
who investigated the e¤ect of di¤erent thicknesses of electropolymerized
polyaniline fo gas sensing.
3. The electropolymerization of dedoped polyaniline nanobers based SAW
sensors using di¤erent acid concentrations in electrolyte showed di¤erent
gas sensing performance upon exposure towards H2 gas. Dedoped polyani-
line based SAW sensor electropolymerized in 1.0M HCl electrolyte pos-
sessed the largest frequency shift and the most stable baseline when com-
pared with 0.5M and 1.5M HCl devices. This study provides valuable
insight for other researchers to investigate the e¤ect of other acid concen-
trations to nd the optimum conditions.
4. To the best of authors knowledge, this is the rst novel studies for the
application of di¤erent acids in electropolymerized polyaniline sensors were
conducted for gas sensing applications. The average diameter of HNO3
doped polyaniline nanobers were in the range of 30-50nm. The measured
sensor response of dedoped polyaniline nanobers (deposited in HNO3)
based SAW sensor was 5.168 kHz. It was observed that the frequency
shift was 4 times lower than that of deposited in HCl electrolyte. Upon
exposure to 1% H2 gas, the response for this sensor was 20 s, which was
slightly faster than than HCl polyaniline nanobers.
5. The gas sensing results of the doped and dedoped polyaniline nanobers
based conductometric sensors towards H2 gas showed that dedoped polyani-
line nanobers based sensor was more sensitive than that of doped polyani-
line nanobers one. However, doped polyaniline nanobers based sensor
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possessed better baseline stability than the dedoped polyaniline nanobers
sensor.
6. Electropolymerized polyaniline/MWNTs nanobers composite showed more
compact and denser morphology than that of polyaniline nanobers. The
measured sensor response of dedoped polyaniline/MWNTs nanobers based
SAW sensor was approximately 4.3 kHz towards 1%H2 gas at room temper-
ature. The 90% response and recovery time of 28 and 240 s were observed
towards 1% and 0.25% H2 gas concentrations, respectively. To the best of
authors knowledge, this was the rst study regarding such a comparison.
7. Chemically polymerization of CSA doped polyaniline/diamond nanocom-
posite based SAW sensors were formed using nanobers and clusters of
coral-like structures. The measured sensor response was more than 750 kHz
towards 1% H2 gas. Fast response and recovery of 16 and 180 s towards
1% and 0.06% H2 gas concentrations at room temperature were observed.
The author showed that CSA doped polyaniline/diamond nanocomposite
based SAW sensors showed a superior performance in comparison to other
polyaniline based sensors.
8. PVP bres were successfully deposited on SAW transducers via the elec-
trospinning method. Upon exposure to 1% H2 gas, the frequency shift of
13.06 kHz was measured. Fast response and recovery of 12 and 61 s towards
1% and 0.06% H2 gas concentrations at room temperature was observed.
9. The morphology of the electrospun PVP were found to a¤ect the gas sens-
ing performances. The device electrospun with 48% PVP showed the high-
est frequency shift upon exposure to H2 gas. The author attributed this to
the high surface to volume ratio of the electrospun particles of 48% PVP.
Whereas the device that coated with beads and bres of 52% PVP had the
lowest frequency shift. This 52% PVP device showed the fastest response
and recovery towards H2 gas compared to the other prepared electrospun
PVP devices.
10. To the best of authors knowledge, this is the rst investigation on the e¤ect
of the addition of polyaniline to PVP in the electrospinning process for gas
sensing applications. Electrospun of PVP in the presence of polyaniline
ES and EB were employed to synthesize PVP/polyaniline composites on
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SAW transducers. The gas sensing results for both SAW sensors were
investigated. PVP/polyaniline (EB) sensor was observed to show high
sensitivity, however the device detection limit of H2 at room temperature
was 0.25%. Whereas for PVP/polyaniline (ES) based SAW sensors, the
device was able to measure as low as 0.06% H2 gas concentrations with
good baseline stability.
11. PVP in the presence of MWNTs were electrospun on SAW transducers
with two di¤erent concentrations of PVP. PVP/MWNTs based SAW sen-
sor with lower concentration of PVP showed higher frequency shift of
11.322 kHz. The author believes that the shift probably caused by the
change in both mass and conductivity of the composite materials.
12. To the best of authors knowledge, the graphene-like nanosheets were suc-
cessfully deposited on SAW transducers and tested towards H2, NO2 and
CO for the rst time by the author. The highest sensitivity for this device
was observed at room temperature for NO2 and 40 C for H2 and CO with
frequency shifts of 18.7, 5.8, and 8.5 kHz towards 8.5ppm NO2, 1% H2 and
1000ppm CO, respectively.
13. To the best of authors knowledge, nanostructured SbxOy based LGS con-
ductometric sensors were developed by the author and tested towards H2
gas for the rst time. The average diameter of the thermally evaporated
SbxOy nanorods were in the range of 30-50nm. The highest sensitivity
of 5.21 for these nanorods based conductometric sensor was observed at
291 C. Whereas the lowest sensitivity of 1.26 was observed at 197 C.
Chapter 8
Conclusions and Future Works
This research program commenced with aim of investigating novel nanostruc-
tured materials based SAW and conductometric for gas sensing applications. To
accomplish this, the author developed and deposited nanostructured materials
onto the whole area of SAW and conductometric transducers. The structures
developed by the author were shown to exhibit excellent static and dynamic
performance towards H2 concentrations below 1% in synthetic air.
The gas sensing performance of the investigated SAW and conductometric
structures were achieved by depositing the nanostructured polyaniline and its
composites, PVP and its composites, graphene and Sb2O3 onto the fabricated
transducers to develop novel sensors. The characterizations of such nanostruc-
tured materials were performed using SEM, AFM, XRD, EDX, Raman spec-
troscopy and XPS techniques. Via these techniques, surface morphologies and
crystallinity as well as chemical bonds of the deposited materials were obtained.
The next stage of these research was dedicated to expose the developed sensors
to di¤erent concentrations of H2, NO2 and CO gases. From these measurements,
sensors static and dynamic parameters such as sensitivity, baseline stability,
response and recovery time as well as optimum operating temperatures were
obtained. In addition to that, the author also studied and determined the gas
interaction mechanism of the developed sensors.
This thesis presented the evolution of the authors research, which can be
summarised by the following points:
1. Synthesis and deposition of the nanostructured materials; electropolymer-
ization of polyaniline and polyaniline nanocomposites, electrospinning of
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PVP and PVP composites, formation of chemically reduced graphene, and
thermal evaporation of Sb2O3.
2. Fabrication of the nanostructured materials based 36  YX LiTaO3,
64  YX LiNbO3 SAW and LGS conductometric structures.
3. Charaterization of the deposited nanostructured materials.
4. Electrical characterization of the above mentioned SAW and conductomet-
ric structures towards target gases.
In the following sections, the author will present a summary of the major
ndings of this research program and present her recommendations for future
research.
8.1 Conclusions
The author successfully fullled research objectives by developing novel nanos-
tructured material/SAW and nanostructured material based conductometric gas
sensors. Consequently, this research has resulted in a number of signicant con-
tributions to the eld of nanostructured conducting polymer, non-conducting
polymer, graphene and semiconductive metal oxide based sensors. From these
accomplishments, the author summarized and listed the outcomes and contribu-
tions.
1. Polyaniline Based SAW and Conductometric Gas Sensors
To the best of authors knowledge, this was the rst novel study of dedoped
polyaniline nanobers based LiTaO3 SAW sensors for gas sensing applications.
This study provides valuable insight for other researchers to investigate the e¤ect
of varying the electropolymerization parameters to nd the optimum deposition
conditions for gas sensing applications. The author also successfully deposited
dedoped polyaniline/MWNTs nanobers and CSA doped polyaniline/diamond
nanocomposite based SAW sensors. From the obtained results, it was observed
that CSA doped polyaniline/diamond nanocomposite based SAW sensors showed
a superior performance in comparison with other polyaniline based SAW sensors.
The outcomes from the investigation of polyaniline nanobers based SAW sensors
are as follows:
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 To the best of authors knowledge, novel dedoped polyaniline nanobers
based SAW sensors were successfully fabricated for the rst time. Via
electropolymerization, the average thickness of the polyaniline nanobers
in the range of 40-50nm were obtained. It was found that no morphology
change occurs on polyaniline nanobers before and after dedoping with a
base. The measured response was approximately 9.46 kHz towards 1% H2
for dedoped polyaniline sensor. The highest sensitivity was observed at
room temperature for H2 with response time of 12 s for this sensor.
 The deposition time of the electropolymerization were varied to obtain
di¤erent thicknesses of polyaniline nanobers thin lms. The results show
that for dedoped polyaniline nanobers, the frequency shift increases as
the thickness increases for the H2 concentration below 0.5%. Dedoped
polyaniline nanobers based SAW sensors with a thin lm thickness of
3.5m exhibited the largest frequency shift for 1% H2. Thick lms of
porous polyaniline nanobers provides more surface for H2 adsorbtion than
the other thin lms so the di¤usion of the analyte gas is faster. Hence the
response time of thick lms were smaller than their thinner counterparts
towards high H2 concentrations.
 The concentrations of HCl acid in electrolyte were varied between 0.1M
to 1.5M. To the best of authors knowledge, this has been the rst time
the e¤ect of acid concentrations towards gas sensing performance was in-
vestigated. The SEM images were observed to investigate di¤erent density
and uniformity which may a¤ect the gas sensing performance. The elec-
trical characterization showed that dedoped polyaniline nanobers based
SAW sensors, electropolymerized in acid concentration lower than 0.5M
did not respond to any gas. Dedoped polyaniline nanobers based SAW
sensor electropolymerized in 1.0M HCl exhibited a more stable baseline
than 0.5M and 1.0M HCl devices, with frequency shift of 19.98 kHz.
 1.0M HNO3 was used in electrolyte for electropolymerization polyaniline
nanobers, replacing 1.0M HCl. The average thickness of HNO3 doped
polyaniline nanobers was in the range of 30-50nm. The measured sen-
sor response of dedoped polyaniline nanobers (deposited in HNO3) based
SAW sensor was 5.168 kHz. It was observed that the frequency shift was
4 times less than that of deposited in HCl electrolyte. Upon the exposure
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to 1% H2 gas, the response time for this sensor was 20 s, which was slightly
higher than for the HCl polyaniline nanobers based SAW sensors.
 The gas sensing results of electropolymerized doped and dedoped based
conductometric sensors towards H2 gas showed that conductivity change
also occurs in SAW device response mechanism. The dynamic response
showed that doped polyaniline based conductometric sensors exhibited bet-
ter baseline stability than that of dedoped polyaniline. However, dedoped
polyaniline nanobers based conductometric sensors showed higher sensi-
tivity than the doped counterparts.
 Dedoped polyaniline/MWNTs nanocomposite was deposited onto the IDTs
of SAW devices using electropolymerization method. To the best of au-
thors knowledge, this is the rst time dedoped polyaniline/MWNTs nano-
composite based SAW sensors were investigated and applied for gas sens-
ing. The SEM images showed more compact and denser morphology than
that of electropolymerized polyaniline nanobers. The measured sensor re-
sponse of dedoped polyaniline/MWNTs nanobers based SAW sensor was
approximately 4.3 kHz towards 1% H2 gas at room temperature. The 90%
response and recovery time of 28 and 240 s were observed towards 1% and
0.25% H2 gas concentrations, respectively.
 To the best of authors knowledge, for the rst time the CSA doped
polyaniline/diamond nanocomposite based SAW gas sensor has been inves-
tigated. Via chemical polymerization, polyaniline and diamond nanocom-
posite formed nanobers and clusters of coral-like structures, respectively.
Upon exposure to 1% H2 gas, the frequency change of larger than 750 kHz
was observed. Fast response and recovery of 16 and 180 s towards 1% and
0.06% H2 gas concentrations at room temperature were observed.
2. PVP Based SAW Gas Sensors
To the best of authors knowledge, this is the rst investigation of PVP bres
based SAW gas sensors. Via electrospinning, PVP bres and its composites
were deposited on LiTaO3 SAW transducers and exposed to di¤erent H2 gas
concentrations. The author also studied the variation of several parameters
during electrospinning, which will provide valuable insight for future research
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in gas sensing applications. The outcomes from the investigation of PVP based
SAW sensors are as follows:
 Novel PVP bres based LiTaO3 SAW sensors were successfully deposited.
By exposing the sensor surface to H2, the measured sensor response for
48% concentration of PVP was 13.06 kHz at room temperature. The 90%
response and recovery time were 12 and 61 s towards 1% and 0.06% H2 gas
concentrations.
 The distribution of the electrospun PVP was investigated by varying the
collection distances between 5.5 to 11.5 cm. For the 58% PVP concentra-
tion, the shortest distance revealed that the denser morphology of bres
had the highest deposition rate than that of the other distances. The den-
sity of bres decreased as the distance increased. A similar impact also
occured for other PVP concentrations. However for closer collection dis-
tances, the electrospun of 42% PVP could not be evaporated thoroughly
before reaching the target, therefore the collected particles re-dissolved and
conglutinated.
 The PVP concentrations were varied from 48% to 58% to obtain di¤erent
morphologies of the electrospun PVP and investigated their e¤ect for gas
sensing. Using SEM, three di¤erent morphologies were observed which
were particles, beads and bres. The devices with 48% PVP showed the
largest frequency shift upon exposure to H2 gas. This probably attributed
to the high surface to volume ratio of the electrospun particles of 48% PVP.
Whereas the devices that were coated with beads and bres of 52% PVP
gave the smallest frequency shift. However, this 52% PVP device showed
the fastest response and recovery for the adsorption and desorption of H2
gas compared to the other devices.
 Electrospin coated PVP in the presence of polyaniline (emeraldine salt and
emeraldine base states) and MWNTs (composite with 1.025 and 1.525 g of
PVP) were employed to synthesize the PVP composite. For PVP/polyani-
line based LiTaO3 SAW sensors, it was observed that PVP/polyaniline
(EB) sensor exhibited higher sensitivity than that of PVP/polyaniline
(ES). However, this device was unable to measure H2 concentrations lower
than 0.25%. Whereas, PVP/polyaniline (ES) sensor showed good baseline
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stability and able to measure H2 gas concentration as low as 0.06%. For the
PVP/MWNTs based LiTaO3 SAW sensor, it was observed that the device
with a lower concentration of PVP had the frequency shift of 11.322 kHz
which was larger than that of higher concentration of PVP. The change in
resonant frequency probably caused by the change in both mass and con-
ductivity of the composite materials. These subsequently decreased the
acoustic wave velocity, thereby decreased the resonant frequency.
3. Graphene Based SAW Gas Sensors
 To the best of authors knowledge, graphene-like nanosheets/LiTaO3 SAW
gas sensors were investigated for the rst time. At rst the graphite oxide
was spin coated on the SAW transducer. Then, the coated SAW trans-
ducer was exposed to hydrazine vapor to reduce the GO to graphene. The
sensors were then exposed to di¤erent concentrations of H2, NO2 and CO
gases. The highest sensitivities of the these devices were observed at room
temperature for NO2 and 40 C for H2 and CO with frequency shift of
18.7, 5.8, and 8.5 kHz towards 8.5ppm NO2, 1% H2 and 1000ppm CO,
respectively.
4. SbxOy Based Conductometric Gas Sensors
 To the best of authors knowledge, nanostructured SbxOy based LGS con-
ductometric sensors were developed for the rst time by the author. In
this research, SbxOy non-homogenous nanostructures and nanorods were
successfully synthesized by the thermal evaporation technique. The mor-
phologies of the prepared 1-D nanoscale structures were characterized using
SEM, XRD and EDX. Nanorods with diameters of 30 50nm and length
up to 750nm were observed. Meanwhile, 150 200nm in width, height
of 50 140nm and the length of up to 300nm for the non-homogenous
nanostructures were found as a result of the deposition. With the as-
sistance of a catalyst, the formation of these 1-D SbxOy structures were
according to vapor-liquid-solid growth mechanism. From the experiments,
it was concluded that LGS is a well-suited substrate to grow these nano-
sized structures. Moreover, the substrates location in the furnace and the
deposition temperature were found to a¤ect the structures density. This
device was successfully used as H2 gas sensor showing the fastest response
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at an operating temperature of 291 C. The highest sensitivity for this
device was 5.21.
8.2 Future Works
Throughout the course of this research, several areas of interest, which have
tremendous research potential have been identied by the author. These areas
of interest can be divided as follows:
1. Polyaniline Based Gas Sensors
 In this research, the author has deposited polyaniline/MWNTs on
SAW transducers with a very low concentration of MWNTs. It was
observed that the gas sensing performance of polyaniline/MWNTs
based SAW sensors was not much di¤erent from that of polyaniline
based SAW sensors. This was supported by the Raman spectra which
showed that polyaniline was the dominant material in this composite.
The author believes that adding higher concentrations of MWNTs
(>10%), can improve the polyaniline gas sensing performance.
 The investigation on electropolymerization of other conducting poly-
mers (eg: polypyrrole and polythiophene): the author believes that by
varying the electropolymerization parameters and investigating their
e¤ect for gas sensing performance can help in obtaining the desired
parameters for the highest sensitivity for polymers other than polyani-
line.
2. PVP Based Gas Sensors
 The investigation of nanostructured PVPwith electrospinning method,
which can result in sensitive layers with high porosity and surface area.
 The further investigation of the PVP/inorganic materials composites.
For example, the composite of PVP with metal oxides such as SnO
and In2O3 may improve the gas sensing performance.
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3. Graphene Based Gas Sensors
 The investigation of single layered graphene and graphene/inorganic
material composites as sensing layers deposited on SAW transducers.
In this research, the investigation towards graphene-like have shown
promising results for sensing H2, NO2 and CO gases. Therefore, the
author believes that single layered graphene can show excellent gas
sensing performance.
4. Sb2O3 Based Gas Sensors
 The investigation of nanostructured Sb2O3 which are doped with
other materials which may improve the dissociation of H2 gas; there-
fore, increasing the sensitivity, response and recovery of the lms to-
wards H2 gas.
It is the authors opinion that if the nanostructured materials based SAW
and conductometric sensors which are presented in this thesis are further opti-
mised, their gas sensing will be improved which make them highly suitable for
commercialisation purposes.
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